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Abstract 
This thesis examines various direct metallization methods for microelectronics and 
advanced manufacturing. The reason for this lies in that these methods do not require 
vacuum-based metal evaporation, complex equipment or multi-lithographic steps. They 
also eliminate copper waste, as they require no etching, and the need of toxic materials 
and inert gases. Novel direct metallization methods have been developed for insulating 
substrates such as glass, silicon, polydimethylsiloxane, thermoplastic polyurethanes and 
liquid photosensitive acrylic resins. 
The thesis starts with the investigation of a direct metallization method of the modified 
photosensitive 2-diazo-2H-naphthalen-1-one (DNQ)-novolac polymer. This was 
achieved through mixing a positive photoresist with silver salt. Silver ions were 
thermally reduced to silver nanoparticles inside the polymeric matrix, which allowed a 
deposition of the electroless copper onto the nanocomposite. This method resulted in the 
electroless copper films of 0.44 ± 0.05 μm in thickness and (1.6 ± 0.4) ✕ 107 S/m in 
conductivity.  
Due to the growing interest in using 3D printing for fabricating electronics, another aim 
of this thesis is to examine the metallization of newly developed 3D printable 
thermoplastic polyurethanes. This was carried out by loading polyurethanes with silver 
ions through an ion exchange mechanism. Surface-modified polyurethanes were 
exposed to a blue light in order to photo-reduce silver chloride to silver nanoparticles. 
The photo-reduced silver nanoparticles served as catalysts for the deposition of 
electroless copper, which resulted in a sheet resistance of (139.4 ± 7.2) mΩ/☐. 
Being able to modify the liquid photosensitive resin that is used for digital light 
processing (DLP) 3D printing made it more favorable for use in direct metallization. It 
was modified with AgClO4 before printing. Once the 3D printed structure was 
immersed into electroless copper solution, silver ions acted as catalysts for copper 
deposition. The resultant electroless copper reached a conductivity of 
(0.29 ± 0.05) ✕ 107 S/m. The interchanged printing with the modified and unmodified 
resin allowed a selective metallization in which the former was coated with the 
electroless copper, while the latter was left unaffected.  
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Overview of Thesis 
 
“… disruptive technologies do not have to satisfy the same performance criteria as 
existing technologies do. They address new products and new markets.” 
- Harvard Business School 
1.1 Introduction 
Over the years, microelectronics has undergone a lot of progress [1]. Technology has 
firmly entered industry and society, controlling today`s world - from the space shuttle to 
a washing machine. As a consequence of the development within microelectronics, it 
has become natural for all of us to wonder and to anticipate new scientific and 
technological advances [1]. 
For many years, miniaturization has been a main goal for researchers working on 
microelectronics. The world has witnessed several generations of integrated circuit 
technology when devices kept getting smaller and smaller. In 2019, for instance, the 
number of transistors produced by AMD reached 39 billion on a single-chip 
microprocessor [2]. 
Nowadays, printed or plastic electronics have become popular, as fields such as 
conformal and wearable electronics have become fields of interest [3].  Lightweight, 
portable and deformable electronics require new manufacturing solutions that have low 
production costs, no adverse impact on the environment and simple fabrication 
processes [4]. Advances in micro- and nanotechnology have, therefore, created new 
demands for novel fabrication and processing techniques, as it has become challenging 
for conventional technology to meet modern manufacturing requirements [5].  
A wide range of new processing techniques have been developed such as additive 




recognized as solid freeform, rapid prototyping and 3D printing, is a process of creating 
or printing materials in a layer-by-layer fashion using electronic data obtained from 
three-dimensional (3D) models [6]. Moreover, functional circuits and interconnects 
could also be fabricated by additive direct metallization methods on non-conductive 
surfaces, eliminating the need of etching and vacuum technology. The combination of 
additive manufacturing and nanotechnology is an exciting route for producing new 
materials, systems and techniques. These can in turn be used to benefit many different 
fields, such as health care, material science and microelectronics.  
 
1.2 Motivation  
Metallization entails a metallic or non-metallic surface being coated with metal [7], [8]. 
It is a wiring or connection of components together to form a functional circuit [9]. In 
integrated circuits, the metallization process is required to fabricate interconnections 
between the integrated circuits’ components, and to create bond pads to connect the 
packaging to the chip. In printed circuit boards, on the other hand, the metallization step 
is required to deposit copper films in the drilled holes, known as vias [10].  There are a 
few metal deposition methods that are traditionally used: [9], [11], [12]: 
- Physical vapour deposition (PVD) is utilized to deposit aluminum and its alloys 
via thermal, e-beam evaporation and sputtering. 
- Chemical vapour deposition (CVD) is deployed to deposit polysilicon for 
CMOS gates, tungsten for trench filling, silicides and nitrides as barrier layers 
between silicon and copper, via atmospheric, low pressure and plasma enhanced 
CVD. 
- Electroplating is a process that employs an electric current to additively deposit 
copper to manufacture interconnects in e.g. semiconductor and microelectronics 
products. 
- Electroless plating is a chemical deposition of copper that is applied for 
production of electronics packaging and copper on-chip interconnects. 
 
The PVD process has been known for more than 100 years [13]. It is a thin film 
deposition process in which a film grows atom by atom in vacuum conditions, 
commonly either by evaporation of a metal source to a target or sputtering of the atoms 




possible to produce thin coatings in the range of <1 nm – 200 μm with good 
reproducibility. By contrast, the complexity, high cost and low production rate make 
PVD disadvantageous for metal deposition. In addition, it often requires skilled 
workforce and special preparations.  
In the CVD method a (metal) thin film is deposited on a substrate surface when the 
process of the dissociation of gaseous chemicals occurs due to the introduction of heat, 
photon irradiation or plasma in the vacuum chamber [15]. This method could also be 
used for a pre-coating to increase the durability of the substrate before the PVD process 
[13]. Although, CVD produces pure thin films, it has significant drawbacks [16]. The 
film deposition process is complex, as many parameters such as temperature, pressure, 
gas flow and gas concentration need to be controlled carefully. Frequently, hazardous 
gases that are toxic, flammable and explosive, are employed. Moreover, it is an 
expensive technique, especially when a sophisticated ultra-high vacuum CVD is utilized 
[15].  
Damascene is an additive process that uses copper electroplating. This metallization 
method eliminates the need to etch unwanted copper. The first wafers were successfully 
electroplated using Damascene method in the end of 1989 by IBM [17].  Usually, the 
Damascene process consists of the deposition of the dielectric layer, which is then 
patterned and etched to produce the desired wiring or via. A seed layer is deposited first 
followed by the electroplating step [18]. In a dual-Damascene process, via and trench 
levels are metallized simultaneously to reduce fabrication costs [17]. The metal 
deposition using electroplating still requires improvements. For example, the advances 
of copper plating lie in the improvement of the copper’s thickness and uniformity, and 
decreasing the resistivity of the deposited tracks [19].  
Apart from the electroplating, electroless deposition of copper is another popular 
technique in the fabrication of printed circuit boards [12]. It is a cost-effective process 
however, it suffers drawbacks such as hydrogen evolution during plating, low 
deposition rates and difficulties in process control [17]. 
A demand for more advanced electronic devices with superior functionality and 
performance that are cost-effective to produce, drives the microelectronics industry to 
develop more innovative solutions [20]. Miniaturization of microelectronic devices 
entails novel and unconventional metal deposition techniques [21]. Moreover, the 
development of flexible and stretchable electronics requires metallization techniques of 




consumption. As it can be observed in Figure 1.1, the market forecast by Grand View 
Research (USA) shows that the global revenue of plating on plastic steadily increases. 
The plating on plastic includes electroless and electroplating with nickel, chrome, 
copper, gold and silver. Plating on plastic was found to have excellent surface properties 
such as flexibility, toughness, lightweight and strong corrosion resistance of the plated 




Figure 1.1: The plating on plastic revenue market forecast in the USA for 2014 - 2025 in USD millions. 
Others include copper, silver, gold, cobalt [21].	
 
1.3 Objectives  
Conventional metallization methods that use subtractive patterning techniques, e.g. 
liftoff, are time-consuming and produce large amounts of waste [23]. Moreover, they 
are challenging to implement for insulating substrates such as glass and polymers, as 
frequently additional adhesion layers are required.  
To meet the new demands of low-cost production and simple fabrication, new 
metallization methods are investigated in this thesis. These metallization techniques 
should be additive and direct, which means they should not require etching, vacuum 
chambers and a complex apparatus to implement. New metallization methods should 







The research presented in this thesis aims to fulfill the following objectives: 
 
• To create direct metallization methods and micro-patterning processes that have 
fast fabrication time and use simple processing procedures. Direct metallization 
methods should eliminate usage of complex equipment such as vacuum, inert 
gas chambers, prolonged heating and sintering treatments. 
 
• To produce metal coatings and patterns on the insulating substrates such as 
glass, silicon and polymers. Metallization method should have good selectivity, 
metal-to-substrate adhesion and electrical conductivity. 
 
• To develop metallization methods for 3D printable polymers such as 
thermoplastic polyurethanes and liquid photosensitive resins. To determine 
optimal material composition, treatment techniques and printing parameters to 
optimize metallization processes.  
 
Parts of this work were carried out in collaboration with the University of Leeds under 
EPSRC funded project Photobioform II. Photobioform II project was aimed to develop 
bio-inspired manufacturing methods that can be used to pattern and coat insulating 
substrates with metal. In these metallization methods, light-harvesting complexes were 
used to accelerate the reduction of metal ions that were embedded into the insulating 
substrate. Manufacturing methods, therefore, were aimed to meet industrial needs for 
high speed, high resolution and economical patterning techniques. 
1.4 Contribution to knowledge  
This thesis investigates conventional photolithography techniques and extends into 3D 
printed electronics.  
Various direct metallization methods that could be competitive with the traditional 
vacuum methods used in photolithography were developed. The modification of a 
photosensitive resin that has lithographic properties with silver salt allowed the direct 
electroless copper plating. This eliminates the need for using expensive vacuum and 
complex equipment and, therefore, greatly decreases the complexity and price of 
fabrication. Moreover, the increased popularity of flexible and stretchable electronics 




the flexible substrates such as polydimethylsiloxane (PDMS) was performed. It remains 
challenging to apply traditional sputtering techniques for PDMS metallization. 
Frequently, fractures and cracks in the metal layer can form. In this work, an electroless 
copper method was successfully applied onto the PDMS surfaces.  
The increase in usage of 3D printers in producing electronics has also been investigated. 
This thesis studies the fabrication of 3D electronics with fused filament fabrication 
(FFF) and digital light processing (DLP) printers. Micro-patterns and interconnects 
were achieved on thermoplastic polymers by FFF 3D printing and post-metallization 
steps. Moreover, modification of the liquid photosensitive resin with silver salt and then 
printing it with a DLP printer allowed direct metal plating of the modified resin.  This 
resulted in increased conductivity of the metallized printed plastic parts compared to the 
reported values found elsewhere in the literature.  
1.5 Thesis layout 
This is a thesis by publication. It consists of eight main chapters and one appendix. 
Figure 1.2 shows the layout of the thesis. This thesis investigates direct metallization 
methods for insulating substrates such as glass, silicon, polydimethylsiloxane (PDMS), 
thermoplastic polyurethanes (TPU) and liquid photosensitive resin. Based on that, three 
approaches of metallization methods were developed, which are metallization of the 
modified photoresist, metallization of the polymers loaded with Ag+ ions through the 
ion exchange mechanism and metallization of the modified photosensitive resin. 
In the first approach of metallization of the modified photoresist, 2-diazo-2H-
naphthalen-1-one (DNQ)-novolac photosensitive polymer was mixed with the AgClO4 
prior to the spin coating step. During the hard baking step, Ag(I) ions were thermally 
reduced to the silver nanoparticles. They, therefore, served as catalytic seeds for the 
subsequent electroless copper deposition. Similar metallization approach was applied to 
metallize PDMS substrates with the electroless copper.  
In the second approach, TPU filaments that are utilized in 3D printing, were metallized 
with the electroless copper. In this method, TPU materials were loaded with the Ag+ 
ions through the ion exchange mechanism. These silver ions were photoreduced to 
silver nanoparticles using LED irradiation. Silver nanoparticles, therefore, served as 
catalytic sites for the electroless copper deposition.  
In the last approach, liquid photosensitive resin that is used in 3D printing, was 




matrix acted as seeds for copper deposition. After the electroless copper deposition, an 
additional copper electroplating step was applied to increase the overall copper 
thickness.  
Three peer-reviewed papers were published, and they are presented in chapters 3-5. 
Chapter 6 contains the unpublished work. Chapter 7 is a proceeding that describes 
material that was presented at the 2018 IEEE 18th International Conference on 
Nanotechnology in Cork in Ireland. The appendix contains the work performed on the 
injection molded samples produced from polyetherimide (PEI) ULTEM 1000. The 
chapters that cover publications include a brief summary of the paper, additional 
knowledge that was not included in the paper, a description of the contribution to the 
thesis and the impact on the literature review, followed by the publication itself. The 
chapters mentioned are presented in the following order: 
	
Chapter 1 provides an overview and a general introduction to the thesis in terms of 
motivation, objectives, contribution to knowledge and its layout.  
 
Chapter 2 gives a review of the literature on current metallization methods. This 
chapter serves as a background to the work presented in this thesis.  
 
Chapter 3 presents the first publication: 
  
Selective Electroless Copper Deposition by Using Photolithographic Polymer/Ag 
Nanocomposite 
 IEEE Transactions on Electron Devices, vol. 66, no. 4, pp. 1843–1848, 2019 
Assel Ryspayeva, Thomas D. A. Jones, Mohammadreza N. Esfahani, Matthew P. 
Shuttleworth, Russell A. Harris, Robert W. Kay, Marc P. Y. Desmulliez, and Jose 
Marques-Hueso. 
 
Chapter 4 presents findings on a direct metallization of PDMS substrate: 
 
A rapid technique for the direct metallization of PDMS substrates for flexible and 
stretchable electronics applications 




Assel Ryspayeva, Thomas D. A. Jones, Mohammadreza N. Esfahani, Matthew P. 
Shuttleworth, Russell A. Harris, Robert W. Kay, Marc P. Y. Desmulliez, and Jose 
Marques-Hueso. 
 
Chapter 5 describes a selective metallization of thermoplastic polyurethanes: 
 
Selective Metallization of 3D Printable Thermoplastic Polyurethanes 
IEEE Access, vol. 7, pp. 104947–104955, 2019 
Assel Ryspayeva, Thomas D. A. Jones, S. R. Khan, Mohammadreza N. Esfahani, 
Matthew P. Shuttleworth, Russell A. Harris, Robert W. Kay, Marc P. Y. Desmulliez, 
and Jose Marques-Hueso. 
 
Chapter 6 studies a direct metallization of printed resin using Digital Light Processing 
printer.  
 
Chapter 7 includes the work presented at the 2018 IEEE 18th International Conference 
on Nanotechnology in Cork in Ireland: 
 
PEI/Ag as an optical gas nano-sensor for intelligent food packaging 
in Proceedings of the IEEE Conference on Nanotechnology, 2018 
Assel Ryspayeva, Thomas D. A. Jones, Paul A. Hughes, Mohammadreza N. Esfahani, 
Matthew P. Shuttleworth, Russell A. Harris, Robert W. Kay, Marc P.Y. Desmulliez, 
and Jose Marques-Hueso. 
 
Chapter 8 serves as a conclusion, but also contains suggestions for future work that can 
be carried out on the topics investigated in this thesis. 
 
Appendix presents the work on metallization of PEI ULTEM 1000 injection molded 
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A Review of Direct Metallization Methods 
	
“Manufacturing is more than just putting parts together. It’s coming up with ideas, testing principles and 
perfecting the engineering, as well as final assembly.” 
- James Dyson 
	
	
2.1 Definition of a direct metallization method 
Simplifying manufacturing processes and applying ones that are fast, simple and 
economical has been the aim of researchers and engineers. Among other things, this has 
resulted in the invention of a process known as direct metallization. Direct metallization 
is an additive metallization method that has a reduced number of steps, is vacuum-free 
and cost-effective compared to conventional metallization techniques [1]. It allows for 
deposition of metallic interconnects on non-conductive surfaces. Electroless plating is a 
frequently applied metallization method for insulating substrates. The next section, 
therefore, explains the theory of electroless deposition and its mechanism.  Following 
this, various methods of direct metallization are discussed in the respective sections, as 
they serve as background literature to the work described in this thesis.  
2.2 Electroless plating 
The history of the electroless plating started with the discovery of electroless nickel-
phosphorus by Brenner and Riddell in 1946 [2]. In the following year Narcus reported 
the chemistry of the electroless copper plating. The first commercial application of 
electroless copper was the fabrication of the plated-through-hole wiring boards in 1950s 
[2]. The electroless copper baths were not optimized at that time and, therefore, were 
susceptible to spontaneous decomposition. Over the years, however, the bath 




become a popular technique that provides high selectivity, a uniform thickness, a high 
deposition rate and good copper conductivity [3]. 
Electroless metallization is the deposition and reduction of metallic ions from a solution 
to a substrate surface without any external electric current supply [4]. Table 2.1 shows 
the examples of the components that are used to compose electroless copper bath. The 
minimum necessary components to start plating are a metal source and reducing agent. 
Formaldehyde has become a popular reducing agent due to its cost, effectiveness and 
easiness in control during the plating process [5]. A non-conductive substrate should be 
catalytically activated before it is immersed into the plating bath that contains 
complexed metal ions and a reducing agent. In other words, catalytic solution that 
contains colloidal particles adsorb on the substrate and provide the catalytic sites for the 
reduction of metals such as copper and nickel [6], [7]. A catalyst is, therefore, used once 
in order to start the plating process and then is covered continuously by a metal layer. 
Frequently, tin-palladium is used as an activating solution in obtaining the electroless 
copper during the fabrication of the printed circuit boards [8]. Palladium chloride cannot 
be used by itself as only palladium metal is catalytic for electroless plating. Stannous 
chloride is, therefore, utilized as a reducing agent for palladium. Thus, palladium 
chloride reduces into the metallic palladium and binds to the dielectric surface [9]. 
Other activators can also be employed as catalysts e.g. copper, silver and gold 
nanoparticles [10], [11]. When the substrate is immersed into the electroless bath, the 
reducing agent (R) serves as a source of electrons and a reduction of metal ions, Mn+ 
takes place. This leads to the deposition of metal (M) on the catalytic sites first, Figure 
2.1 [2]. Following this, the deposited metal layer then serves as a seeding site for the 
subsequent copper deposition. 
 
Table 2.1: Examples of components of electroless copper plating bath. Adapted from [5]. 
 
Reducing agent Complexant Stabilizer Accelerator 














Figure 2.1: a) General electroless metal deposition reaction. M stands for metal, R is a reducing 
agent and Ox is an oxidizing product of the reducing agent R. b) Schematic diagram of the 
electroless deposition.  Adapted from [3]. 
	
2.3 Direct electroless metallization on modified photoresist  
A method of modified photoresist generally consists of two steps: 1) mixing resists with 
metal salts and 2) electroless plating of the modified resist. It allows for direct vacuum-
free additive metallization, while patterning is performed via photolithography. In the 
method of modified photoresist, metal seeds are introduced into the photosensitive 
polymeric matrix.  
Abargues et al. [12], [13] have proposed the use of polymers with functional groups that 
have a redox capability to reduce in-situ silver or gold salts to the corresponding 
nanoparticles. Additionally, some of these polymers have lithographic capabilities that 
allow patterning. In the work [12], poly(vinyl alcohol) (PVA) was mixed with AgNO3 
and spin coated on a glass substrate, after which Ag-PVA composite was patterned 
using e-beam lithography. The growth of silver nanoparticles and formation of the 
electroless silver film were performed by immersing Ag-PVA nanocomposite for hours 
into the AgNO3 with a hydroxylamine reducing agent. However, the Ag particles did 
not form a uniform layer, rather they were widely distributed. A sintering step using 
thermal annealing at 140 °C was applied, which fused the Ag nanoparticles together to 
form a continuous silver layer. This step helped improve electrical conductivity 





In another work by Matsukawa [14] and Tamai [15], an acrylic negative photoresist 
containing palladium nanoparticles was used to fabricate patterns prior to the electroless 
copper plating. They fabricated electroless copper patterns on the plastic flexible 
substrate - polyethylene terephthalate (PET) film. Palladium nanoparticles served as 
seeds for electroless copper deposition. The resist film was fabricated using palladium 
acetate, 2-hydroxy-2-methyl-1-phenyl-propane1-on (photo-radical initiator), 
trimethylolpropane triacrylate (TMPTA, monomer), silica nanoparticles and 
hydroquinone (radical inhibitor). Chemicals were dissolved in tetrahydrofuran (THF). 
The as-fabricated negative resist was spin coated onto PET film and irradiated with UV 
light using a Hg-arc lamp (6000 mJ) through a photomask to form a pattern. Radical 
species from the photo-radical initiator induced the reduction of palladium ions to 
nanoparticles during the UV-irradiation. Silica nanoparticles were also introduced to 
improve the adhesion between the copper and the resist. Electroless copper plating was 
carried out in a commercially available plating bath from Okuno Chemical Industries. 
This method therefore allowed for selective electroless copper plating and the 
fabrication of flexible interconnections down to 50 μm resolution. 
The above-described metallization methods are promising alternatives compared to 
vacuum metallization methods. Abargues et al. [12], however, demonstrated that long 
immersion time to achieve a continuous silver film, and an additional sintering step to 
improve low conductivity are required. Multiple steps and chemicals are also necessary 
to introduce seeds into the polymer matrix as described by Matsukawa [14] and Tamai 
[15]. Moreover, the utilization of palladium nanoparticles increases fabrication cost.  
2.4 Selective plating using light patterning 
Selective activation followed by additive metallization is a promising approach to 
metallize polymer substrates [16]. This technique is frequently applied in fabricating 
molded interconnect devices (MID). MID is an injection molded thermoplastic part with 
structured metal interconnects and traces [17]. Laser irradiation can directly trigger 
selective activation on specifically prepared plastic substrates. This method is called 
laser direct structuring (LDS). Indirect activation can also be achieved through 
irradiating a polymer substrate and deposition of the catalysts on the modified sites. 
This technique is named laser-induced selective activation (LISA), which will be 
discussed in section 2.4.2. Both technologies rely on electroless copper deposition as a 





LDS is a widely used technique to fabricate circuits on MIDs [18]. It relies on laser 
patterning and electroless copper plating. LDS additives are employed as activators or 
fillers in polymers to induce electroless copper plating. These fillers are organometallic 
complexes that are initially not conductive and based on Al, Cu and Ni [19]. 
Thermoplastic and organic metal complexes are mixed together prior to the injection-
molding step. The injection-molded part is then irradiated with a laser to activate 
patterns or tracks on its surface. The irradiated LDS additive is separated into a metallic 
phase and an organic residual. The modified plastic part with the pattern is then 
immersed into the electroless copper bath and a metal layer is formed on the catalytic 
metal filler [20].   
LDS technology requires investigation of laser power, laser repetition and combinations 
of organometallic complexes and polymers e.g. thermoplastic polycarbonate (PC) and 
copper aluminate or polyphenylene sulfide (PPS) blended with laser activated particles 
[18], [21]. The availability of thermosetting composites is limited on the market due to 
the difficulties related to their demolding [22]. Yang [18] tried extruding thermosetting 
polyimide (PI) with the metallic composite, and performed a patterning of the 
interconnects. In that work a Nd YAG pulse laser (1064 nm) was used. Laser power (5-
11 W) and repetition rate (20-50 kHz) were varied as they were found to influence the 
uniformity of surface patterning and the quality of the electroless plating. Figure 2.2 
shows a flexible circuit fabricated on the PI mixed with 4 wt. % of CuAl2O4.  
The major drawback with LDS technology is the requirement of expensive 
thermoplastic and thermosetting composites that are used for the entire part. Another 
restriction is that only one layer of interconnects or wiring is possible to achieve [22]. 
 
 
Figure 2.2: A flexible circuit fabricated on PI mixed with CuAl2O4 substrate at a laser power of 9 W and a 





An example of the commercially available LDS technology is the LPKF-LDS™ process 
that was developed in 1997 to fabricate circuits on 3D structures using a laser beam. 
LPKF is a producer of electronics and lasers for printed circuit boards that was 
established in 1976 in Germany.  LPKF stands for “Leiterplatten-Kopierfrase”, which 
means circuit boards copy milling [23]. In this method, a laser beam creates a required 
layout directly on the molded plastic part [24]. The LPKF-LDS™ process consists of 
several steps that include injection molding, laser activation, metallization and final 
assembly [24]. The metallization step is performed using an electroless copper bath 
followed by electroless nickel and gold surface finishing. This technology is applied to 
produce various car sensors, antennas for phones, computers, and numerous healthcare 





Figure 2.3: Electromechanical components produced by the LPKF-LDS™ technology [24]. 
	
2.4.2 LISA 
LISA is used to create functional circuits on polymer substrates. It consists of three 
major steps [25]: 
1) the polymer surface is modified with a laser in distilled water. Water serves as a 
coolant; 
2) the modified substrate is immersed into the palladium-based solution; 





During the machining with a laser, a sponge-like structure is produced. This structure 
increases the adsorption and retention of Pd particles on the desired area and improves 
the adhesion strength of the metal to the polymer. After the substrate has been 
immersed into the colloidal palladium solution, rinsing is required. This step is critical, 
as it may influence the selectivity of the metal plating [26]. It removes the unwanted 
palladium particles and leaves only those that are trapped in the sponge-like structure 
[27].  
In the work by Ratautas et al. [26], PC and acrylonitrile butadiene styrene (ABS) 
substrates were used. The machined substrates were immersed into the mixture of 
PdCl2 and SnCl2. However, after plating, the resultant tracks had a low spatial 
selectivity, which could be due to insufficient rinsing after the activation step. Later 
Kordass et al. [22], included a pre-treatment step before the machining. This resulted in 
a swelling of polymers and enlarging of the absorption capacity of its surface. 
Therefore, palladium particles diffused more into the machined cavities. This step 
helped to improve anchoring of Pd catalysts and resulted in better spatial selectivity 
during the copper plating. Electroless copper interconnects of 100 μm pitch and 8 μm 
thickness were obtained. An additional electroplating step increased the copper 
thickness up to 20 μm. Figure 2.4 shows the copper tracks grown on the activator 
prepared with the palladium solution containing hydrochloric acid.  
 
 
Figure 2.4: Copper tracks with 100 μm pitch size, fabricated using the LISA technology [22]. 
	
2.5 Modification of the substrate surfaces for electroless plating  
Good adhesion of the metallic coating and tracks on non-conductive surfaces such as 
glass and polymers, is challenging. Frequently, additional surface pre-treatments are 
required to improve the adhesion between the metal and a substrate [28].  
Adhesion is a chemical and/or physical bond between two adjacent surfaces [29]. It can 
be established due to non-covalent interactions that include hydrogen and Van der 




reactive functional groups on the substrate surface [30], [28]. The improvement of the 
adhesion strength between metal and substrate is, therefore, linked to the enhancement 
of the bonding energy [31]. 
Various surface roughening techniques are reported including plasma treatment [32], 
ultrasound roughening [33], etching with HF [34], alkaline [35] and acid [36] 
roughening. Moreover, additional coating of glass surfaces with, for example, copper-
titanium oxide layers [37] and amino (NH2)-terminated films [38] was found to increase 
the adhesion strength between a glass and electroless plated metal. 
This section and its subsequent sub-sections will cover surface roughening techniques 
using plasma and alkaline pre-treatments. 
 
2.5.1 Surface activation through plasma treatment 
Surface modification using plasma is an efficient process to roughen the surface and 
introduce functional groups that depend on the atmosphere used [39]. For example, 
palladium-based catalysts have an affinity towards the nitrogen-containing functional 
groups and, therefore, benefit from N2 plasma. On the other hand, tin catalysts have 
strong affinity towards oxygenated functional groups and O2 plasma treatment should 
be used [32].  
Plasma treatments influence the roughness of a surface and the wettability properties of 
the substrate [40]. A surface that was hydrophobic can turn hydrophilic due to the 
reorientation of the oxygen-rich polar groups [30]. Tang et al. [41] treated 
polydimethylsiloxane (PDMS) with oxygen plasma that modified hydrophobic PDMS 
to hydrophilic by forming an oxygen rich SiOx silica-like layer and Si-OH functional 
groups on its surface. Meanwhile, Park et al. [42], fabricated circuits on PET substrates 
using plasma and a photo-mask. Electroless copper plating was performed using the 
difference in wettability of the plating solution on the modified PET. Hydrophilic 
properties of PET were controlled by an oxygen plasma. Hydrophobic properties were 
introduced by selective coating of the film with silicon oxide that contained diamond 
like carbon (SiOx-DLC). This was deposited using hexamethyldisiloxane (HMDSO) 
plasma and a desired shape mask. Figure 2.5 shows the resultant electroless copper 
tracks on the PET substrate. The hydrophilic region of the PET was sensitized using a 
solution of SnCl2, HCl, H2O and then activated with a solution of PdCl2, HCl, H2O prior 





Figure 2.5: Optical micrograph of the electroless copper tracks fabricated based on the surface wettability 
difference [42]. 
 
Later Park et al. [43], reported achieving direct metallization of a PET substrate without 
additional sensitization and activation steps using only oxygen plasma and electroless 
copper.  The PET sheet was placed on the stainless steel cathode that was covered with 
a silver sheet. A Ag coated stainless steel patterning mask was placed on the PET film. 
Oxygen plasma was used to promote the formation of nanostructures coated with silver 
nanoparticles. Silver seeds were, therefore, co-deposited during the plasma treatment 
and served as catalysts for subsequent copper plating. Oxygen plasma pressure was 
varied as 10, 20 and 40 mTorr and their effects on the copper adhesion were 
investigated. An adhesion tape test ASTM D-3359 was performed to evaluate adhesion. 
It was found that the increase of chamber pressure resulted in the increase of adhesion 
strength, as shown in Figure 2.6. 
 
 
 Figure 2.6: Adhesion tape test ASTM D-3359 (Method B) results of the metal films on the flexible PET 
fabricated with different oxygen plasma pressure: a) 10 mTorr, b) 20 mTorr and c) 40 mTorr. The 
adhesion strength is evaluated on a scale of 0 to 5, with 5 being the strongest level of adhesion. Method B 




2.5.2 Surface activation through alkaline roughening 
Alkaline chemical treatments with sodium hydroxide (NaOH) [44] and potassium 
hydroxide (KOH) [45] are frequently employed in polymer metallization to improve the 
adhesion between the substrate and metal.  
Kim et al. [46] treated PI films with a strong base 2.5 mol/l NaOH solution to increase 
its roughness in order to improve the adhesion between its surface and a deposited metal 
layer. The immersion time varied between 5 s, 10 s and 30 s. Sum-frequency vibration 
spectroscopy based on sum-frequency generation (SFG) process was used to study the 
chemical changes of PI due to the alkaline treatment, Figure 2.7. For the untreated PI, 
two peaks at 1739 cm-1 and 1775 cm-1 are observed, which are due to the C=O imide 
stretching. After a NaOH treatment, these peaks reduce in strength. Additionally, new 
peaks appear around 1600 cm-1 and 1660 cm-1 due to C=O amide stretching. The 
conversion of imide to amide functional groups was observed due to wet treatment. It 
was presumed that amide groups would promote better metal adhesion. However, Kim 
et al. did not perform metallization studies in the paper. 
 
 
Figure 2.7: SFG spectra for PI treated with strong NaOH base solution for 5 s, 10 s and 30 s [46]. 
 
Later Li et al. [44] reported on deposition of electroless nickel on PI sheet. The PI sheet 
was immersed into the NaOH solution to improve its adhesive properties. The 




solution was also varied between 70 °C and 90 °C to investigate their effects on the 
adhesion of the electroless nickel coating to the PI substrate. It was found that 10 
minutes NaOH immersion at 80 °C resulted in a uniform electroless nickel coating that 
had an increased adhesion to the substrate.  
Yu et al. [47] have studied the chemical changes due to potassium hydroxide on 
Upilex - S® (BPDA-PDA) PI films. PI films were immersed into aqueous 1 M KOH at 
80 °C to yield potassium polyamate and then immersed into 0.2 M HCl to yield 
polyamic acid surfaces, Figure 2.8. 
 
 
Figure 2.8: Surface hydrolysis of PI film with KOH treatment [47]. 
	
Fourier transform infrared attenuated total reflection spectroscopy (FTIR - ATR) was 
used to investigate changes in the PI structure, Figure 2.9. After the immersion into the 
KOH solution, two washing methods were utilized: 1) with 2-propanol for 15 minutes 






Figure 2.9: FTIR ATR spectra of a) untreated PI film, b, c) after KOH treatment for 20 minutes and d) 
after HCl treatment [47]. 
 
After the KOH treatment, intensities of the imide stretching at 1769 and 1697 cm-1 were 
reduced but not completely attenuated. This indicates that only the uppermost layers of 
PI were hydrolyzed. The shifting of 1339 and 1332 cm-1 signifies that imide groups of 
PI were hydrolyzed into the amide structures in potassium polyamates and polyamic 
acids. As a result, it was found that hydrolysis with KOH at elevated temperatures leads 
to the formation of amide functional groups that can be used to improve adhesion of the 
activator catalysts and electroless metal.  
Kim et al. [48] proposed to use plasma treatment after the KOH step to further improve 






Figure 2.10: Schematic steps of the pre-treatment of PI with KOH and Ar and N2 plasma, surface 
activation with Pd and electroless copper metallization [48]. 
 
The surface roughness was determined by atomic force microscopy (AFM). The surface 
roughness for untreated PI was 1.42 nm and increased to 15.54 nm after surface 
modification with KOH. The Ar and N2 plasma treatments increased surface roughness 
to 28.52 nm. The scotch tape test showed good results in the acceptable industrial range. 
Patterning was performed using a micromolding-in-capillaries technique, which is a 
multi-step process. 
In research by Marques-Hueso et al., [35], an additional sensitization step was 
implemented to accelerate the production of silver nanoparticles (catalysts) on the 
surface of polyetherimide (PEI). KOH treatment was utilized to modify the surface of 
the PEI substrate. The subsequent immersion into AgNO3 salt after the highly alkaline 
treatment led to an ion exchange of potassium ions with silver ions, Figure 2.11. LED 
(460 nm) exposure of the PEI substrate loaded with silver ions resulted in the photo-
reduction of the silver ions to silver nanoparticles. These acted as catalysts for the 





Figure 2.11: Breaking of the imide ring due to hydrolysis. Ion exchange of potassium ions to silver ions 
and the formation of silver polyamate [35]. 
 
Since silver polyamate photo decomposes rather slowly, a sensitization step was 
employed. Prior to the light exposure, the modified PEI substrate was, therefore, 
immersed into a 0.01 M KCl solution. This allowed the formation of AgCl (Eq. 2.1), 
which was subsequently photo-reduced to the corresponding metallic silver (Eq. 2.2): 
 
 𝐴𝑔! + 𝐾𝐶𝑙 → 𝐾! + 𝐴𝑔𝐶𝑙(𝑠) (2.1) 
  




The sensitization step allowed the photo-synthesis of silver nanoparticles in 3 s. 
Figure 2.12a illustrates the fabricated micro-circuitry on the PEI with 18 μm wide 






Figure 2.12: a) Micro-circuitry on a PEI sheet, b) metal track on a 3D printed PEI substrate [35]. 
	
2.6 Three-dimensional (3D) printed electronics 
3D printing is an additive manufacturing (AM) method to fabricate 3D objects of 
various structures and geometries based on model data in a layer-by-layer method [49]. 
Various materials are used for 3D printing such as ceramics, polymers and metals [50]. 
In 1986 Charles W. Hull patented his invention of generating 3D objects [51]. He 
invented the apparatus to fabricate 3D plastic parts from a fluid medium using a 
technique known as stereolithography. 3D objects were produced directly from the 
computer instructions relying on a computer aided design (CAD) tool. The development 
of the first stereolithography method by Hull has recently led to advances in AM 
techniques and the creation of various printing systems. These include laser based 
systems: stereolithography, selective laser sintering, selective laser melting; nozzle 
based systems: fused deposition modeling; droplet based systems: inkjet printing [52], 
[53], [54]. 
Frequently, 3D printing and post-processing methods are used to create circuitry. In this 
review, 3D printing and direct metallization methods that are employed to fabricate 
functional circuits are discussed. 
 
2.6.1 Inkjet metallization 
The development of stable metal dispersions led to an advancement in the direct 
fabrication of metal patterns using the inkjet printing technique [55]. Inkjet printing 
relies on computer instructions to create a digital image by propelling droplets of ink 
onto substrates [49].   
Inkjet metallization eliminates the needs of photomasks and metal etching. Conductive 




One manner of using inkjet printing involves printing ink containing Pd(II) onto the 
polymeric substrates followed with electroless plating [55]. Frequently, pre-treatments 
are required to improve adhesion of the palladium catalysts and metal. Pre-treatments 
include chemical surface modification with alkaline [45] and plasma treatments [59].    
Direct inkjet printing that uses metal precursors or nanoparticles have been developed to 
remove the need of additional substrate pretreatment steps. Titkov et al. [60] fabricated 
conductive ink based on the combination of silver nanoparticles and an organic silver 
with polymer additives to increase the ink stability. Conductive elements were printed 
on the commercially available DuPont Kapton® PI. Frequently, a sintering step is 
required to improve the conductivity of the printed inks [61]. Thermal cure and laser 
sintering post-processing steps were, therefore, implemented to form electrically 
conductive patterns. The thermal curing temperature varied between 100 °C and 220 °C 
to study its effect on ink resistivity. A resistivity down to 10 μΩ × cm was achieved 
after a thermal cure at 200 °C.  
There are various commercial inkjet printers available on the market. Nano Dimension 
is one of the global leading companies providing solutions for 3D printed electronics 
[62]. DragonFly LDM™ is an example of the inkjet printers produced by Nano 
Dimension with two print heads for silver nanoparticles and dielectric inks. This printer 
is able to print a minimum layer thickness of 17 μm for metal traces and 35 μm for 
dielectrics [62]. For instance, this 3D printer can be exploited to print circuit boards as 
shown in Figure 2.13. 
 





2.6.2 Fused filament fabrication (FFF) 
In FFF, a thermoplastic filament is used to print 3D objects in a layer-by-layer motion 
[53]. FFF is also known under the trademarked term – Fused Deposition Modeling 
(FDM). This technology was first developed by Scott Cramp in 1988 [63]. Later 
Stratasys Inc. introduced the first rapid prototyping machine based on the FDM with the 
sales increasing from the initial 6 to 1582 units that were sold in 2000 [63]. 
Nowadays, there are various FFF printers that are available for engineers and 
researchers to realize their designs such as Ultimaker [64], Makerbot Replicator [65] 
and Upbox [66]. In FFF 3D printers, a filament is heated and extruded through the 
nozzle initially onto the printing bed and subsequently on the layer of the as-fabricated 
plastic to build a final object, Figure 2.14 [53]. 
 
 
Figure 2.14: A schematic of an FFF printer [53]. 
 
Various conductive thermoplastic filaments are being developed by engineers to enable 
direct printing of functional circuits on plastic substrates. Kwok [67] proposed an 
electrically conductive thermoplastic filament based on polypropylene (PP) as a 
polymeric matrix and carbon black as a conductive filler. Makerbot dual and Flashforge 
Creator FDM printers were used to print the filament with a nozzle of 0.4 mm and 
100 °C heated platform. The lowest resistivity of the as-fabricated filament achieved 
5 × 10-3 Ω×m. A functional circuit from the fabricated filament was printed on the ABS 
substrate, Figure 2.15.  
Flowers et al. [68] employed a commercially available Electrifi conductive filament 
based on copper to demonstrate how electronic components could be printed additively 




resistivity of bulk copper is 1.72 × 10-8 Ω×m. Capacitor, inductor and circuit 
demonstrators such as a high-pass filter were printed in this work. 
 
 
Figure 2.15: An LED demonstrator. A circuit is fabricated from 29.8 wt.% carbon black in PP on an ABS 
substrate [67]. 
 
Due to the low conductivity of the thermoplastic filaments, however, other techniques 
are proposed. Angel et al. [69] suggested implementing an additional electroplating step 
to improve conductivity of the filaments. Conductive parts were printed using proto-
pasta CDP11705 Electrically Conductive Carbon Black filament and dielectric parts 
were printed with a polylactic acid (PLA) filament. Printing was performed with a 
Makerbot Replicator 2X. Figure 2.16 shows a sample that was employed for an 
adhesion ASTM D3359 test. The test showed an adhesion level of 4 (scale from 0 to 5, 
with 5 meaning no peeling), which indicates removal along incisions or intersections. 
The four-point probe resistivity measurement resulted in a resistivity of 12.21 Ω×cm 
along the x/y-direction and 23.09 Ω×cm along the z-direction. 
 
 
Figure 2.16:  Sample after implementing the electroplating step. The part printed with the conductive 




Kim et al. [70], further investigated how the electrical resistance of the commercial 
conductive filaments affects the quality of the electrodeposited copper. They studied 
Electrifi, Black Magic and Proto-Pasta 3D printing filaments. They found that the 
copper electrodeposition on the Black Magic and Proto-Pasta filaments resulted in non-
uniform copper films due to their high initial resistance. On the contrary, 
electrodeposited copper onto the Electrifi filament yielded a uniform copper coating 
with a conductivity increased by 94 times. This was due to the fact that initially Electrifi 
had a lower resistivity compared to the other commercial conductive filaments.   
 
2.6.3 Stereolithography (SLA) 
SLA is one of the earliest 3D printing techniques that produced 3D parts by curing 
photosensitive resin in a layer-by-layer motion [71]. SLA 3D printers are known to 
produce precise printing and are available commercially for professional 3D printing. 
One of the examples is Formlabs Form 3 that has a 25 μm XY resolution and a layer 
thickness down to 25 μm [72].   
In the SLA technology, a UV light is used to convert monomers (acrylic or epoxy-
based) into polymer chains. Following printing, unreacted resin is removed [53]. 
Figure 2.17 shows a schematic of the SLA printer that uses a bottom-up approach. A 
computer controlled laser beam is used to draw a pattern. A thin layer is illuminated 
from above and cured on top of the built structure [73]. 
 
Figure 2.17: A schematic diagram of the SLA apparatus [53]. 
 
Since the SLA technique prints plastic parts, a post metallization step can be utilized to 




metallization of the plastic parts using electroless copper deposition. The curable resins 
DL260 and Irix White were used for printing. The printed parts were immersed into a 
200 g/l KOH solution at 45 °C for 30 minutes. This step was used to roughen the plastic 
surface to immobilize the palladium-based activator prior to metallization. Another 
method proposed by Scordo et al. [75] involves adding a conductive filler into the SLA 
resin to print conductive parts. Highly conductive poly(3, 4 - ethylenedioxythiophene) 
(PEDOT) particles were added into the poly(ethylene glycol) diacrylate (PEGDA) resin. 
The electrical conductivity of the customized resin reached 0.05 S/cm. Figure 2.18 




 Figure 2.18: PEGDA and PEGDA:PEDOT samples used for electrical conductivity measurements [75]. 
	
2.6.4 Digital Light Processing (DLP) 
DLP is a fast additive manufacturing technique that has a high resolution [76]. The 
commercially available DLP 3D printers such as the Anycubic can print with a 
resolution down to 25 μm [77]. Another example is the Asiga Max™ DLP printer that is 
optimized for dental and audiology printing and is able to print features down to 62 μm 







Figure 2.19: A dental structure printed by Asiga Max™. 
	
Figure 2.20 illustrates a schematic diagram of a general DLP 3D printer that relies on a 
bottom-up approach. In this technology, a 3D object is sliced into horizontal layers, 
which are converted into 2D mask images.  
 
Figure 2.20: A schematic of the DLP 3D printer [76]. 
 
The DLP technique is faster than SLA since it is not restricted to cure a single spot, but 
rather a whole layer. A digital micro-mirror device (DMD) is used to create an optical 
2D mask. DMD consists of thousands of micro-mirrors that switch on and off. Based on 
the 2D images, light reflects via an optical system in a defined pattern and cures the 
whole layer of the resin [79]. 
DLP 3D printing is an attractive technology to produce conductive complex structures, 
as it allows tailoring of the electrical and mechanical properties of a liquid resin by 




Fantino et al. [82], 3D conductive polymer structures were fabricated by mixing silver 
nitrate with the PEGDA resin in the presence of a photoinitiator that works in the UV-
violet-blue range. A post-curing with UV light was used to strengthen the printed 
structure. Under the UV-irradiation and in the presence of the donor compound 
(photoinitiator), silver ions undergo a reduction from Ag+ to metallic Ag0. Therefore, 
after the sample was printed it changed color from orange (being the color of the dye) to 
brown (after UV-irradiation) and then to silver (after long UV-irradiation),  
(Figure 2.21). The color changes correspond to the formation of silver nanoparticles 
having various sizes and distributions in the polymer matrix.  
 
Figure 2.21: The color changes of the 3D printed sample to brown and then to silver under the UV-
irradiation [82]. 
 
The resistivity of the conductive 3D samples was high, however, as it was between 
1.5 × 105 – 4.5 × 106 Ω×cm for different percentages of the silver nitrate in the 
photopolymer. 
Gonzalez et al. [83], used carbon nanotubes (CNTs) as fillers in the PEGDA resin with 
bis(2,4,6trimethylbenzoyl)-phosphineoxide (BAPO) as photoinitiator and methyl ether 
methacrylate (PEGMEMA) as a solvent to reduce the viscosity. The received 
conductivity of the 3D printed conductive samples depended on the amount CNT 
percentage in the polymer and ranged between 2 × 10-5 - 2 × 10-9 S/cm. Figure 2.22 
shows a selective printing where the circuit was printed with the CNT modified resin on 






Figure 2.22: A circuit built from 0.1 wt. % CNT in PEGDA:PEGMEMA 1:1.5 wt/wt resin on an 
insulating substrate [83]. 
	
2.7 Conclusions 
There are numerous metallization techniques available that can compete with each 
other. This review provided a background for the work undertaken in the following 
chapters of this thesis. In an effort to improve the final results, the various direct 
metallization methods were frequently combined. Table 2.2 summarizes the 
metallization methods discussed and points out their key steps, advantages and 
challenges.  
 
Table 2.2: A summary of the direct metallization methods 
Metallization 
method 
Key steps Advantages Drawbacks Ref. 
Modified 
photoresist 
- modification of 





- reduction of 











simple and fast 
- sintering step 
may be required 
- conductivity 
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LDS - injection- 
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Selective Electroless Copper Deposition Using 
Photolithographic Polymer/Ag Nanocomposite 
 
“…he said he could metal-plate anything, and I still remember him picking up a peach pit that was in the 
sand, and saying he could metal-plate that - trying to impress me.” 
- Richard P. Feynman, 
“Surely You’re joking Mr. Feynman!” 
 
The purpose of this chapter is to present the work on selective electroless copper 
deposition on the photolithographic polymer/Ag nanocomposite. Section 3.1 includes a 
summary of the “Selective Electroless Copper Deposition by using Photolithographic 
Polymer/Ag Nanocomposite” paper that was published in IEEE Transactions on 
Electron Devices. It covers an introduction, objectives of the study, main results and 
conclusions of the work. Afterwards additional information on the characterization 
methods and experimental set-ups are described in section 3.2. Following this, sections 
3.3 and section 3.4 discuss the contribution of the publication to this thesis and its 
impact on the literature and research.  
3.1 Introduction 
Copper plays an essential role in industries operating with microelectronics as a 
material for interconnections in printed and integrated circuits [1]. The deposition of 
copper films has been mainly performed by traditional techniques such as physical 
vapour deposition (PVD), chemical vapour deposition (CVD) and electrochemical 
processes, e.g. electroplating [2]. Another method is inkjet printing, however, it suffers 
from low manufacturing output as compared to photolithography [5], [6], [7].  
Among these processes, electroless deposition has been evaluated to be a more widely 




up, reduces the amount of waste, energy and time required for production. It is also 
much more cost-efficient [8]. Certain areas of the method, however, are still undergoing 
research such as the selective copper deposition. Furthermore, an additional deposition 
of a seed layer is frequently required to fabricate metal coating and patterns on the 
insulating surfaces [9]. An example of this, is a catalytic seed layer which is the variety 
implemented in the work described in this chapter. It is fabricated inside the 
photosensitive polymer matrix, which has outstanding polymer properties such as 
transparency and lithographic capabilities. 
Palladium-based catalysts have been widely employed in the industry for plastic plating 
and the production of printed circuit boards [13]. The palladium content per printed 
circuit board varies from 3.5 to 0.5 mg per module [14]. However, palladium activators 
have a significant cost drawback compared to, for example, silver containing activators. 
The price of palladium per gram is more than 100 times that of silver1 [15]. Moreover, 
silver has been previously utilized as a metal catalyst embedded into the polymer and 
subsequently electroless plated in the work by Abargues et al. [11]. 
In this work, copper micropatterns were fabricated using photolithography and 
electroless copper plating with Ag NPs as catalytic seeds. Conductive copper tracks 
were formed through the use of a 2-diazo-2H-naphthalen-1-one (DNQ)-novolac 
polymer/Ag (hereafter-polymer/Ag) pattern on glass and silicon substrates, and its 
subsequent electroless copper plating.  
3.1.1 Objectives 
The main aim of this study was to develop a metallization method for non-conductive 
surfaces (e.g. silicon and glass) that does not require expensive vacuum technology and 
complex equipment. In addition, it was endeavored to decide whether photolithographic 
polymer/Ag nanocomposite can be patterned and metallized with electroless copper. 
Several key questions are addressed: 1) is it possible to achieve selective deposition of 
Cu on the desired regions? 2) do concentrations of Ag(I) salt play a role in copper 
thickness and ductility? 3) are deposited copper films reliable? 4) what are the electrical 
properties of the electroless copper? 5) can the resultant electroless copper be applied as 
an interconnect material?  
	
1 The palladium price increased compared to the estimation reported in Ryspayeva et al. [28], and 





Functional groups of the polymer have a redox capability to reduce Ag(I) to the 
corresponding nanoparticles, while lithographic properties of this photoresist allow 
direct photo-patterning [10]. In this study it was discovered that thermally reduced Ag 
NPs inside the polymer matrix can serve as catalytic seed layer for the electroless 
copper deposition.  
Further, the formation of Ag NPs inside the polymer matrix was initially identified by 
observing the color change of the spin coated polymer/Ag during the hard bake step. 
This color change was a result of the thermal reduction of the Ag(I) to Ag NPs [10]. 
UV-vis absorbance spectra revealed a peak at 450 nm, which corresponds to the 
formation of Ag NPs [16]. Moreover, the peaks for the three salt concentrations: 0.025-, 
0.1-, 0.4-M increased in intensity. This signifies that the amount of the reduced Ag NPs 
grows with the increase of the silver salt concentration [17].  
It was found that copper thickness increases with the plating time. Moreover, the 
increase of the silver salt concentration produced thicker copper films since a higher Ag 
NP density has more available sites for copper deposition. Thus, copper films grown for 
20 minutes at 30 °C and with 0.4-M Ag(I) resulted in a thickness of 0.44 ± 0.05 μm. 
Plating temperature also affected the morphology of the copper. SEM micrographs 
revealed that copper has a granular structure. However, copper films plated at RT 
(20 °C) form voids between the grains. This in turn yields a porous copper film. 
Therefore, copper plated at elevated temperature of 30 °C produced a thick and 
continuous copper film.  
Copper ductility is one of the challenges in achieving a reliable electroless copper 
coating. Resultant copper films were free of cracks and defects. However, it was 
observed that after a certain plating time, delamination of the copper film from the 
substrate can occur due to built up stresses. It was discovered that increased Ag NP 
concentration inside the polymer matrix influenced the copper ductility. Thus, copper 
grown with 0.025-M Ag(I) composite shows delamination after 8 min of plating due to 
a low density of the catalytic seeds. Copper films grown with 0.1-, 0.4-M Ag(I) 
composites are reliable up to 12 min of plating and started to delaminate after. The 
adhesion test - IPC-TM-650 [18] was performed to further study the copper reliability. 
Copper films grown with 0.4-M Ag(I) display a good adhesion between the substrate 




the edges of the glass substrate. However, copper films formed with 0.025-M Ag(I) and 
plated for 10 min showcase a considerable delamination due to the applied scotch tape.  
The proposed method shows good selectivity where the copper plated only on the 
desired regions. A feature resolution was obtained down to 10 μm for copper patterns 
produced with 0.025- and 0.1-M Ag(I). However, resolution is poorer for patterns 
formed with 0.4-M Ag(I). One of the possible reasons is that increased concentration of 
the Ag NPs may lead to the poor stripping of the photoresist during the development 
step. The electrical properties of the copper films were studied. It was found that 
electrical conductivity of the prepared copper films depends on the plating time and 
concentrations of the seeds. Before film delamination occurs, the highest conductivity 
for copper films formed with 0.025-M Ag(I) was (0.8 ± 0.1) × 107 S/m at 8 min. As for 
ones produced with 0.1- and 0.4-M Ag(I), the electrical conductivity reaches 
(1.1 ± 0.1) × 107 S/m and (1.6 ± 0.4) × 107 S/m at 10 min, respectively. These 
conductivity values are comparable to the ones previously reported and that of bulk 
copper, i.e. 5.96 × 107 S/m. 
Electrical interconnections were fabricated between rigid test pads. They proved to be 
able to connect rigid parts while maintaining electrical properties. Resistance of the 
copper interconnects was measured and resulted in 14 ± 8 Ω. The dimensions of the 
pads were 500 μm × 500 μm and the distance between them was 500 μm. An LED 
demonstrator further validated the reliability of the electroless copper, in which copper 
tracks were produced to connect an LED to a battery.  
3.1.3 Conclusions  
The proposed metallization method combined photolithography and electroless copper 
techniques to obtain uniform copper films with favorable physical and electrical 
properties. Thermally reduced in-situ Ag NPs inside the polymer matrix induced surface 
activation for successful copper ion deposition. Copper films have good adhesion 
strength to the substrate, selectivity and electrical conductivity. Copper coatings 
fabricated on 0.1- and 0.4-M Ag(I) composites have a stronger adhesion than ones 
prepared with 0.025-M Ag(I).  Features down to 10 μm were successfully patterned and 






3.2 Additional knowledge and results 
This section covers only a limited number of experimental set-ups and characterization 
methods that were applied during the investigation of the selective and direct 
metallization of the modified photoresist. 
3.2.1 Experimental set-up 
Sample preparation and spin coating 
Glass (18 mm × 18 mm) and silicon (15 mm × 15 mm) substrates were thoroughly 
washed prior to the spin coating step. Glass samples that were used for the conductivity 
study were 22 mm × 22 mm in size. Samples were immersed into distilled (DI) water 
and placed into an ultrasonic bath for a few minutes. Afterwards, samples were air dried 
with a stream of air. 
Spin coating was performed in a dynamic mode: 500 r/min for 5 s, 1000 r/min for 10 s, 
3000 r/min for 30 s and 1000 r/min for 10 s. This allowed for a more controllable 
coating of the substrates with the modified photoresist, resulting in an average thickness 
of 280 nm. Photoresist was added at the start of the spin coating covering the whole area 
of the substrate.  
 
Photomask design 
The chrome on glass photomask to produce tests pads and electroless copper 
interconnections to connect them was designed in AutoCAD (2016 version) and ordered 
from JD Photo Data. Figure 3.1 shows an image of the designed photomask: the white 
is chrome and the black is glass. The upper left quarter depicts test pads, while the 
upper right quarter illustrates interconnects. The lower left quarter shows the pattern to 
fabricate samples for a selectivity test. The patterns have “HW”, “H” shapes and vary in 








Figure 3.1: The photo-mask designed in AutoCAD (2016 version): a) the square pads were 
500 μm ×	500 μm in size, b) the height of the small letter “H” is 50 μm, the big “H” is 500 μm and “HW” 
is 200 μm, c) interconnections have a length of 800 μm. 
 
Fabrication of the test pads and electroless copper interconnections  
The test pads were fabricated using a negative S1813 photoresist (Microresist 
Technology) and e-beam evaporation. The fabricated test pads consisted of 50 nm Ti 
layer following with 200 nm of Cu layer. The interconnections on the other hand were 
created with a positive DNQ-novolac photoresist mixed with silver salt and plated with 
electroless copper. The liftoff process was implemented to fabricate the test pads, as 
shown in Figure 3.2. 
The photomask was aligned using the alignment marks to fabricate the electroless 







Figure 3.2: A schematic of the liftoff process: a) spin coating of a substrate with a negative S1813 
photoresist, b) UV expose for 15 s and development in AZ 400 K for 45 s, c) e-beam evaporation of 50 
nm Ti following with 200 nm of Cu, and d) a metal removal using acetone and ultrasonic bath. 
 
3.2.2 Characterization tools 
Resistivity measurements employing the van der Pauw method 
Van der Pauw measurements were performed using an established four-point probe set-
up from the Nanomaterial Lab at the Institute of Mechanical, Process and Energy 
Engineering at Heriot Watt University. 
The van der Pauw method involves applying a current, I, and measuring voltage, V, 
using four small contacts on the circumference of the sample. As a consequence, four 
small contacts were placed at the edges of the square sample of 22 mm × 22 mm size 





Figure 3.3: A photograph showing the four-point probes attached to the edges of the copper film deposited 
onto a square glass substrate.  
 
A high precision four-point measurement was achieved through four measurement 
configurations at each probe location. This resulted in 8 measurements of voltage. 
Current, I, was applied into contact 1 and out of contact 2 and the voltage, V34, was 
measured from contact 3 to contact 4 as shown in Figure 3.3. Then, current, I, was 
applied into contact 2 and out of contact 3 while the voltage, V41, was measured from 
contact 1 to contact 4. The current was set in forward and reverse directions. All 
measurement configurations were automatic and controlled through the interface 
created in the LabVIEW graphical software where data were automatically saved into 
the spreadsheet files.  
Four permutations of the contacts for both forward and reverse current were, therefore, 








































The subscripts f and r stand for forward and reverse current directions, respectively. For 
a symmetrical sample such as a square, 𝐹	is equal to 1. The conductivity was then 
calculated as an inverse of the resistivity. 
 
3.2.3 Additional results 
Glass slides with the deposited electroless copper were further electroplated in the 
laboratory-prepared bath. An electroplating set-up was constructed that comprised an 
electroplating cell, electrodes and an electroplating solution. The bath consisted of a 
mixture of copper sulfate, sulfuric acid and DI water. The following recipe was utilized 
to prepare it: 15 g of copper sulfate (98%, Sigma Aldrich) was dissolved in 125 mL of 
DI water, and followed with an addition of 10 mL of sulfuric acid (95%, Fisher 
Scientific). 
The current density was varied as 5 mA/cm2, 10 mA/cm2, 15 mA/cm2 and 20 mA/cm2, 
while the plating was performed for 10 min on each sample. Figure 4 shows the 
electroplated copper on the electroless plated glass and the change in thickness of the 
electroplated copper over the applied current density. The glass slides were half-
immersed into the electroplating solution. The copper thickness was then measured 
using the Dektak Stylus profilometry. Table 3.1 illustrates a summary of the copper 






Figure 3.4: a) Images of the electroless plated glass slides that were half-plated in the electroplating bath, 
b) electroplated copper thickness as a function of the current density. 
 
Table 3.1: A summary of the copper thickness and plating rate for samples plated at varying current 
densities. 
J, [mA/cm2] Cu thickness, [μm] Plating rate, 
[nm/min] 
5 1.3 ± 0.2 130 
10 2.3 ± 0.3 230 
15 3.1 ± 0.3 310 
20 5.6 ± 0.1 560 
 
 
The developed knowledge of electroplating was further used and applied in the work 
administered in relation to this thesis and in that of the metallization of injection-molded 
PEI ULTEM 1000 samples.  
3.3 Contribution to the thesis 
The proposed metallization method combined photolithography and electroless copper 




properties. Thermally reduced in-situ Ag NPs inside the polymer matrix induced surface 
activation for successful copper ion deposition. The copper films had good adhesion 
strength to the substrate, selectivity and electrical conductivity. Features down to 10 μm 
were successfully patterned and plated with electroless copper. 
This work contributes and responds to one of the main purposes of this thesis, i.e. to 
investigate created manufacturing methods for metallization of insulating surfaces. 
Recently, unconventional fabrication, using modified photoresist with low-dimensional 
structures has attracted many researchers with an opportunity to grow nanostructures 
inside the polymer matrix [19], [20]. This technique was, therefore, further developed 
and expanded into the metallization of glass and silicon. This work demonstrates that 
electroless copper could be an alternative method to metallize non-conductive surfaces 
by plating onto modified photoresist.  
Moreover, this work reveals that metal patterns obtained on glass and silicon substrates 
can be applied as interconnections in printed and integrated circuit boards. 
3.4 Impact on literature and research  
This thesis presents the first investigation of the electroless copper deposition on the 
AgClO4 - modified photoresist. This research has a significant impact on the 
development of the metallization of dielectric materials. Increasingly, these are being 
employed to create new optical devices, for packaging and printed circuit board 
fabrication [21]. Glass is considered a promising material in printed and integrated 
circuit applications, as its transparency allows viewing of the buried features for 
machining [22]. Metallization of the smooth insulating surfaces, e.g. glass and silicon, 
is challenging due to low metal adhesion [23]. Electroless copper plating attracts more 
attention in the microelectronic industry as it has significant advantages over vacuum 
technologies [21]. The proposed metallization method allowed fabrication of reliable 
metal patterns on insulated substrates having a simple set-up and economical cost. 
Moreover, copper patterns on glass and silicon were fabricated selectively, additively 
and with few steps.  
Since the adhesion of the catalyst on the insulating surfaces is poor, frequently an 
additional silanization step is used [24]. Therefore, an additional pre-dipping step is 
required to coat glass or silicon substrate with adhesion promoters, such as polyethylen- 
imine [21] and APTES (3- aminopropyltriethoxysilane) [24]. Roughening the glass 




Moreover, expensive palladium colloids that include Pd/Sn are employed as catalyst for 
electroless copper deposition [26]. Furthermore, the question of copper selectivity and 
ability to fabricate patterns on glass and silicon are not well discovered. The attempt has 
been made to etch away electroless copper formed with adhesion promoter and Pd/Sn 
colloidal catalyst [27]. However, some additional steps were necessary such as to apply 
alkanethiols to create a pattern on the electroless copper and to etch away the unwanted 
copper.  
This work provided evidence that electroless copper can be patterned additively and 
selectively on glass and silicon substrates. The developed process has a strong copper-
substrate adhesion, (1.6 ± 0.4) × 107 S/m conductivity and minimum feature sizes of 
10 μm. The proposed work eliminates a need for additional pretreatment steps for 
adhesion of a catalytic layer onto the insulating substrate. Besides, it does not require an 
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This paper presents a novel, direct, selective, vacuum-free, and low-cost method of 
electroless copper deposition, allowing additive patterning of nonconductive surfaces. 
Ag nanoparticles (NPs) synthesized inside a photosensitive polymer are acting as seeds 
for electroless copper deposition. The resulting copper film surface morphology was 
studied with scanning electron microscopy. Copper films were shown to display a rough 
grainlike structure, covering substrate uniformly with good metal substrate adhesion. 
Copper thickness was studied as a function of the plating time, temperature, and Ag 
NPs seed concentration. A maximal copper thickness of 0.44 ± 0.05 μm was achieved 
when plated at 30 °C with 0.4 M Ag(I). The minimum feature resolution of copper 
patterns, grown with 0.025- and 0.1-M silver salt, is attained down to 10 μm. The 
maximum electrical conductivity of the copper film prepared with 0.025-, 0.1-, and 0.4-
 M Ag(I) approaches (0.8 ± 0.1) ×107 S/m, (1.1 ± 0.1) ×107 S/m and 
(1.6 ± 0.4) ×107 S/m, respectively. Electroless copper interconnections and LED circuit 




Ag nanoparticles (NPs) seeds, electroless copper, metallization of nonconductive 






1. Introduction  
Electroless metal deposition is a facile method to fabricate metallic patterns on 
nonconductive substrates. Electroless plating of sensor electrodes and interconnects in 
microtechnology and nanotechnology, such as functional printing, flexible electronics, 
wearable electronics, and the “Internet of Things,” can reduce production cost as 
compared to other traditional metallization techniques [1]. Conventional track formation 
is a multistep photolithographic method producing conductive patterns by the removal 
of unwanted metal parts through etching processes. This pattern transfer method thus 
generates large quantities of waste. An alternative method is to deposit the metal by 
sputtering or evaporation. However, this process involves costly equipment and 
complex processing that consume high power to deposit metal layers. Moreover, 
vacuum requirements in processing increase the cost of the conventional metal 
patterning. Inkjet printing is another technique for printing conductive patterns on a 
substrate [2]. However, inkjet printing suffers from low manufacturing capability, while 
photolithography remains a dominant mass production method in the microelectronics 
industry [3]–[5]. Hence, there is continuous research in conductive track formation. 
Attempts have been made in metal patterning by using a combination of 
photolithography and electroless plating [6]. To fabricate metal patterns on 
nonconductive surfaces, a continuous seed layer is required [7]. The seed layer could be 
fabricated using a photolithographic approach, where metal NPs are synthesized inside 
a photosensitive polymer matrix, as reported by Marques-Hueso et al. [8], [9]. Metal 
NPs embedded inside the polymer can be used for further processing, such as 
nanostructure precursors [10], and it is viable that they could act as seeding sites for 
metal ions adsorption and continuous electrode formation. Ag has successfully been 
used as a metal catalyst for electroless copper plating (ECP) [6]. Pd is a choice catalytic 
material for electroless plating due to its high activity [11]; however, palladium price 
per gram exceeds silver price by almost 70 times, limiting its use for large-scale 
production.  
 
In this paper, we propose to fabricate copper microfeatures by ECP on the patterns 
formed by photolithography, using more economic Ag NPs as catalysts, as shown in 
Fig. 1.We demonstrate the formation of conductive copper tracks through the use of 2-
diazo-2H-naphthalen-1-one (DNQ)-novolac polymer/Ag (hereafter—polymer/Ag) 




its conversion to a copper pattern via electroless plating. This method benefits from not 
requiring vacuum, Ar and N2 gaseous environments, and expensive equipment. The 
lithographic properties of the polymer allow direct photopatterning of metal tracks and 
interconnect on a desired substrate. The effect of the production parameters, such as 
plating temperature, plating time, and Ag NPs concentration, is discussed in this paper 
with a particular attention to copper film thickness, quality, feature resolution, and 
adhesion. Furthermore, adhesion of the copper film to a substrate and its effect on the 
copper film conductivity is also studied. Resilient interconnections between metal pads 
are demonstrated by the developed ECP method. 
 
 
Fig. 1. Process steps for photopatterning and selective Cu deposition on silicon and glass substrates using 






2. Experimental  
2.1 Materials 
This paper used the following materials. Silver perchlorate (Sigma Aldrich, 97 %), 1-
methoxy 2-propylacetate (MPA) (Sigma Aldrich, 99%), DNQ-novolac positive tone 
photoresist (Ma-P 1215, Microresist Technology), AZ 326 developer (Microresist 
Technology), copper sulfate (98%, Sigma Aldrich), sodium hydroxide (98.5%, Acros 
Organics) potassium tartrate (99%, Fisher Scientific), and formaldehyde (37%, Acros 
Organics). 
 
2.2 Synthesis of Ag NPs Seed Layer 
0.025-, 0.1- and 0.4-M silver perchlorate (AgClO4) concentrations were prepared by 
direct dissolution in MPA. DNQ-novolac photosensitive polymer (hereafter - polymer) 
was mixed with the silver solution in 1:1 ratio. The resultant mixture was spin coated on 
silicon and glass substrates at 3 000 r/min for 30 s and soft baked at 45 °C for 10 
minutes. Silicon (15 mm × 15 mm) and glass (18 mm × 18 mm) substrates were 
exposed to UV light at 14 mW·cm-2 in Karl Suss MJB 3 UV mask aligner and 
developed with AZ 326 developer diluted with de-ionized water (DI) in 1:1 ratio. The 
samples were hard baked at 190 °C for 10 minutes on a hot plate leading to the thermal 
reduction of Ag(I) to Ag NPs inside the polymer. 
 
2.3 Fabrication of Electroless Copper Films and Interconnections 
Electroless copper bath solution was prepared using the formulation in [12] by 
dissolving 6 g of copper sulfate, 8 g of sodium hydroxide, and 28 g of potassium tartrate 
into 200 ml of DI water. Before electroless plating, the concentrated solution was 
diluted with DI water in the ratio of 1:1 and 2 ml of formaldehyde was added. Treated 
substrates were immersed into electroless copper bath for the allocated time. Electroless 
plating was conducted at room temperature (RT) and 30 °C. 
Metal pads were fabricated as a testing environment to study electroless copper 
interconnection behavior. Test metal pads consisted of 200-nm copper on 50-nm Ti and 
were fabricated by UV-lithography, e-beam thermal evaporation, and liftoff process. 






The presence of Ag NPs and their optical and structural properties were characterized 
by a UV-2550 spectrophotometer. Copper film thickness was measured by Dektak3 
Stylus optical profilometer. To obtain the copper thickness for each configuration, three 
samples were prepared and average copper thicknesses with corresponding standard 
deviations were calculated. Optical images of the film surface were obtained using a 
LEICA CTR 6500 microscope. The surface morphology of copper film was studied 
with scanning electron microscopy (SEM) Quanta 650 field emission gun. 
The conductivity of the copper films was obtained by four-point probe using van der 
Pauw technique [13]. To acquire copper conductivity for each configuration, three 
samples were prepared and average copper conductivity with corresponding standard 
deviations were calculated. Square glass substrates (22 mm x 22 mm) were used for 
copper layer deposition. Van der Pauw method involves applying a current (I), and the 
measurement of the resulting voltage (V) using four small contacts on the perimeter of 
the sample. Therefore, four probes were attached at the edges of the square sample. 
Four measurement configurations at each probe location for forward and reverse current 
were performed and conductivity was found as an inverse of the resistivity, where 



































The subscripts f and r stand for forward and reverse current directions, respectively. For 




Resistance of the tests pads with electroless copper interconnections was measured 
using two probes in SIGNATONE S-1160 probe station. The diameter of the probe tips 
is 80 μm with the electrodes spaced at around 1 mm. Test metal pads of 
500 μm × 500 μm sizes were used for resistance characterizations. Parasitic resistances 





3. Results and Discussions 
3.1 Ag NPs seed layer characterization 
Fig. 2(a) shows the appearance of polymer and polymer/Ag structures on glass 
substrates after a hard (190 °C) and soft (45 °C) bake. Polymer/Ag structure changes 
color from light yellow to dark brown when hard baked, indicating a formation of Ag 
NPs by thermal reduction [9]. Fig. 2(b) shows UV-vis absorbance spectra of the 
polymer/Ag nanocomposites after a hard and soft bake. Ag NPs display localized 
surface plasmon resonance (LSPR) occurring near 400-500 nm [16]. Therefore, LSPR 
maxima occurring here indicates the presence and formation of Ag NPs during a hard 
bake for the three Ag(I) salt concentrations. Single and broad LSPR peak indicates that 
Ag NPs have spherical shapes with a broad size distribution and sizes up to 100 nm 
[17]. LSPR intensity rises with higher Ag(I) salt concentrations, which implies that the 
amount of Ag NPs embedded inside the polymer increases [18]. 
 
 
Fig. 2. (a) Images of glass substrates (see descriptions on the figure), and (b) UV-vis absorbance spectra 
of polymer/Ag nanocomposite prepared with 0.025-, 0.1- and 0.4-M Ag(I) salt after samples were hard 





3.2 Effect of Plating Time, Temperature and Ag NPs Concentration on the Copper 
Film 
Fig. 3 displays a plot of the plated copper thicknesses on the silicon substrate as a 
function of plating time. Copper thickness grows linearly with plating time which is in 
agreement with the previously published work [19], [20]. A maximal copper thickness 
of 0.44 ± 0.05 μm was achieved when plated at 30 °C with 0.4-M Ag(I) and an increase 
to Ag NPs concentration also produced thicker copper layers. This may be due to 
densely packed Ag NPs in the polymer, which created more sites for copper ion 
adsorption at the higher temperatures and concentrations.  
The effect of the plating temperature on copper surface morphology is shown in 
Fig. 4 (a)-(c). SEM micrographs taken after 10 minutes of ECP show that the copper 
film has a rough granular structure covering the polymer surface uniformly, when plated 
both at RT and at 30 °C. However, the surface of the copper film deposited at RT has 
voids between the copper grains and appears more porous compared to the copper film 
plated at 30 °C, as observed in [21]. Therefore, plating at 30 °C produces thicker copper 
layers and a more uniform and continuous copper film.  
	
 







3.3 Effect of Ag NPs Concentration on Film Ductility 
Fabricated copper films are free of cracks and defects; however, electroless copper films 
frequently suffer from poor ductility due to buildup of internal stress, which was also 
observed in [22] and [23]. In the present technique, delamination of copper film may 
occur after plating time reaches a certain threshold. Fig. 4(d) and (e) show the visual 
appearance of the copper film prepared with varied Ag(I) salts concentrations. Copper 
film grown with 0.025-M Ag(I) displayed delamination at 8 min. SEM images in Fig. 4 
show qualitatively that copper film ductility improved with the increase of Ag(I) salt 
concentration. For example, copper obtained with 0.1- and 0.4-M Ag(I) only 
delaminated after 12 min. This copper peeling process can be understood by analyzing 
the copper growth mechanism. The growth of a copper thin film (up to 1 μm) undergoes 
three stages: nucleation, growth and coalescence of three dimensional crystallites (TDC) 
[24].  Coalescence is the most important stage, in which crystal building process results 
in the formation of a continuous copper film. Therefore, copper cracks may occur due to 
the built up stress and formation of voids between TDC. Also, since the reduction of 
both copper and hydrogen takes place simultaneously, the probability of incorporating 
H and H2 into the copper deposition is high [25]. Hydrogen traps contribute to the 
formation of voids and may lead to a porous copper structure [26]. Therefore, Ag NP 
concentration should remain high to increase copper density and to eliminate void 
formation between the copper grains. Hence, seed layers with 0.1- and 0.4-M Ag(I) are 
more favorable to produce continuous copper films.  
When applying the IPC-TM-650 scotch-tape tests [27] to copper films prepared at 0.4-
M Ag(I) shown in Fig. 4(f), the adhesions of the copper films to glass substrates show a 
good strength, with no observable removal of the metal parts from the substrate. As for 
copper films prepared with 0.1-M Ag(I), minor removal of the copper was observed at 
the edges of the glass substrate [see Fig. 4(g)]. However, copper films prepared with a 
low-Ag NPs seed concentration [(0.025-M Ag(I))] and plated beyond the plating time 






Fig. 4. SEM micrographs of the copper surface prepared with (a) 0.4-M Ag(I) and plated at RT for 10 
min, (b) 0.4-M Ag(I) and plated at 30 °C for 10 min, and (c) 0.1-M Ag(I) and plated at 30 °C for 10 min. 
Insets: photographs of micropatterns on silicon substrates. Photographs of the copper films on the glass 
substrates plated at 30 °C for 12 min with Ag(I) concentrations of (d) 0.025 M and (e) 0.4 M. 
Photographs of the copper films on the glass substrates and corresponding tapes after a scotch-tape tests 






3.4 Resolution and Selectivity 
Fig. 5 shows optical images of copper patterns after photolithography and ECP with 
pitch sizes of 40 and 20 μm on silicon substrate. It is seen that copper plates uniformly 
on the surface of the polymer/Ag nanocomposite preserving the lithographic pattern. 
Copper films grown with 0.025- and 0.1-M silver salt present well resolved features 
down to 10 μm. It was found that lithographic performance of polymer is affected by 
the presence of Ag(I) salt, as the resolution is poorer for patterns prepared with 0.4-M 
silver salt. This could be due to the increased concentration of the embedded Ag NPs, 
leading to the poorer stripping performance of the polymer during the development step. 
Therefore, copper plating on the poorly developed sites affects the overall feature 
resolution. Fig. 6 shows optical images of the copper features with a fine resolution 
down to 10 μm.  ECP shows a good selectivity allowing targeting and plating on 
specific localized areas. Therefore, this method demonstrates excellent selectivity where 




Fig. 5. Optical images of the patterns taken after photolithography and ECP, with Ag(I) concentrations of 





Fig. 6. Optical images of the patterns prepared with 0.025-M Ag(I). Images were taken after (a)–(c) 





3.5 Influence of the Copper Thickness on Conductivity 
Fig. 7 shows the electroless copper conductivity as a function of plating time for several 
salt concentrations. Before any copper delamination occurs, the maximum electrical 
conductivity of the copper film prepared with 0.025-M Ag(I) approaches 
(0.8 ± 0.1) × 107 S/m at 8 min. For copper films prepared with 0.1- and 0.4-M Ag(I), the 
conductivity grows to (1.1 ± 0.1) × 107 S/m and (1.6 ± 0.4) × 107 S/m at 10 min, 
respectively. This is close to previously reported measurements on electroless copper 
conductivity [23], [28]. These values compare favorably to the electrical conductivity of 
bulk copper at 5.96 × 107 S/m.  
There is, therefore, a tradeoff between the copper thickness and copper film 
conductivity. Copper films prepared with 0.1- and 0.4-M Ag(I) salts are promising for 
interconnection fabrication since they can provide thicker copper patterns with a good 
adherence to a substrate while still approaching the bulk copper conductivity.  
 
 
Fig. 7. Conductivity measurements at different plating times for 0.025-, 0.1-, and 0.4-M Ag(I) measured 





3.6 Electroless Copper Interconnections 
As a demonstration of the electroless interconnections between the rigid parts, Fig. 8 (a) 
and (b) shows the optical images of the interconnections after photolithography and 
ECP. Electroless copper successfully interconnected test pads and plated on top of the 
metal pads and polymer/Ag nanocomposite. The 0.1-M Ag(I) was used and the metal 
features were plated for 10 min. To demonstrate that electroless interconnects are able 
to link pads, the electrical resistance was measured. The average resistance was found 
as 14 ± 8 Ω. The resistance of the interconnections could be affected by the 
nonuniformity of the copper thicknesses of the formed interconnections 
(0.59 ± 0.06) μm and pads (0.87 ± 0.07) μm. The growth of the electroless copper 
depends on the catalytic activity of the seeds [29]. Evaporated copper consists of closely 
packed nanocrystallites, which are distributed uniformly on the substrate [30], [31]. 
Therefore, copper nanocrystallites act as seeds for electroless copper growth. A high 
coverage of the surface and a reduction in seed size provides a larger surface area 
enabling faster plating rates as there is less incorporation of hydrogen bubbles 
influencing copper ductility [29]. Therefore, the plating rates for electroless copper onto 
evaporated copper are faster than on the polymer/Ag nanocomposites as Ag seeds in the 
polymer matrix are rather widely distributed in the polymer matrix which makes plating 
rate slower. Therefore, electroless copper plated onto evaporated copper metal results in 
a thicker copper layer than plated onto polymer/Ag nanocomposite.  
 
An LED circuit was constructed to further demonstrate the electroless copper 
metallization quality and electrical conductivity. Fig. 8(e) illustrates the functional LED 
circuit on a glass substrate prepared using a homemade photomask. The electroless 
copper interconnections were prepared with 0.1-M Ag(I) and plated for 10 min. The 
3−mm LED was placed on the fabricated copper tracks and a 3-V battery was 
connected. When the battery was switched on, the LED turned on, which signifies that 






Fig. 8. (a) Images of the 300 μm ×300 μm pads with the electroless copper interconnections after 
photolithography and (b) after ECP. (c) Measurement of the resistance using two probes with the probes 
placed on 500 μm ×500 μm pads. Distance between the pads is 500 μm. Inset: a magnified image of the 
probe tips landing on the pads. (d) Distribution of the measured resistances per number of pads. (e) LED 





Uniform copper films with good electrical properties were obtained on silicon and glass 
substrates by a newly developed ECP method that minimizes processing steps. Ag NPs 
embedded inside the polymer successfully induced the activation of noncatalytic 
surfaces. It was found that the electroless copper thickness depends on the 
concentrations of the Ag NPs, plating temperature and plating time. Copper films 
prepared with 0.1- and 0.4-M Ag(I) salt have stronger adhesion to the substrates, than 
copper films prepared with 0.025-M Ag(I). The minimum fabricated feature size is 
10 μm, which is the best resolution obtained with 0.025- and 0.1-M Ag(I). The 
conductivity of the fabricated electroless copper films is in the range of bulk copper 
conductivity. The method has been demonstrated to be suited for cost-effective 
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A Rapid Technique for the Direct Metallization of PDMS 
Substrates for Flexible and Stretchable Electronics 
Applications  
 
The purpose behind this chapter is to introduce an overview of “A Rapid Technique for 
the Direct Metallization of PDMS Substrates for Flexible and Stretchable Electronics 
Applications” that was published in the Microelectronics Engineering Journal and its 
implication on literature and research.  Section 4.1 covers a brief synopsis of the 
manuscript and is comprised of an introduction, objectives, main findings and 
conclusions. Section 4.2 is devoted to adding supplementary information on the 
experimental set-ups, characterization tools and results that were achieved during the 
research. Following this, section 4.3 is employed to discuss the contribution of the 
publication to this thesis. Finally, section 4.4 is used to explain how the contents of the 
paper impact literature and research. 
4.1 Introduction 
Stretchable and flexible electronics have become increasingly interesting for engineers 
and researchers due to their various possible applications in creating wearable and 
conformal electronics [1]. The development of flexible functional circuits and 
interconnections on polymers such as PDMS is challenging, especially with traditional 
metallization methods. Cracks can form in the photoresist and in the metal during the 
sputtering and evaporation of the metal [2]. Adhesion strength between a metal and a 
PDMS surface is furthermore often weak. Additional adhesion layers are therefore 
frequently needed to eliminate the metal peeling off [3]. Apart from e-beam 




However, additional rigid substrates are required to fabricate a metal pattern and to 
transfer it to the PDMS surface [4].   
In this work, a rapid and direct metallization method for PDMS substrates is proposed. 
Patterning was performed using a reliable photolithography method and metallization 
was carried out with electroless copper plating. DNQ-novolac photoresist polymer 
(hereafter - polymer) was used for patterning. AgClO4 salt was mixed with the 
photosensitive polymer and Ag(I) was thermally reduced to Ag nanoparticles during the 
hard baking step. The as-synthesized nanoparticles act as catalysts for copper 
deposition. The formation of cracks and buckles was analyzed by studying the optical 
micrographs. The electromechanical behaviour of metal coatings on the PDMS surface 
was studied by analyzing changes in electrical conductivity with applied strain and 
bending deformations. The applied oxygen plasma treatment increased the surface 
roughness of the PDMS and allowed for a more uniform coating of the PDMS surface 
with the polymer /AgClO4 solution. Thus, the surface roughness of the commercially 
available PDMS-based Gel-Pak® increased from 10 ± 2 nm to 53 ± 4 nm, and for 
laboratory-prepared PDMS from 7 ± 2 nm to 33 ± 8 nm. 
 
4.1.1 Objectives 
The main objective of this work was to investigate a direct metallization process of 
PDMS surfaces using electroless copper plating. It explores the mechanical and 
electrical properties of the electroless copper interconnections on a PDMS substrate. 
Several questions were investigated such as 1) is the electroless copper coating crack-
free? b) are the electrical properties affected by the uniaxial applied strain? c) when do 
cracks start to form once strain is applied? d) does the bending influence the resistance 
of the copper coating.   
4.1.2 Findings 
It was found that process-induced cracks appear in the polymer/AgClO4 surface. They 
propagate to the metal coating when it undergoes sudden temperature change due to 
heating and cooling. Therefore, a temperature ramp was applied during the soft and hard 
baking steps. This eliminated formation of fractures. Also, the temperature during the 
hard baking was found to be more favorable when it was decreased from 190 °C down 





The mechanical properties were tested using a laboratory-made strain machine. PDMS 
samples with copper micro-patterns were clamped in the strain machine and uniaxial 
longitudinal strain was applied. This test showed that strain-induced cracks start to form 
at 10% applied strain. 
The electrical characteristics were measured and compared to the applied strain. At zero 
strain, the conductivity of the copper film was (3.6 ± 0.7) ×107 S/m. This was measured 
using the two-point probe system. The conductivity dropped to (2.5 ± 1.3) ×107 S/m at 
10% strain and it did not return to its original value when unloaded. The 
electromechanical behavior of the copper-plated PDMS was further studied with a 
mechanical bending cycling test. Copper-plated PDMS substrates were bent 
continuously to 2.5 mm and to 5.0 mm amplitudes. The samples had 17.1 mm in length, 
10.4 mm in width and 1.2 mm in thickness. The change of the normalized resistance 
(R/R0) up to 10, 000 bending cycles was measured. It was increased after 10, 000 
bending cycles by a factor of 2 and 4.5 when the copper films were bent to 2.5 and 5.0 
amplitudes, respectively.  
Copper-plated PDMS was further tested and a flexible LED circuit was fabricated. The 
flexible interconnections were fabricated on a 1 mm thick laboratory-prepared PDMS 
substrate. After an LED was attached to the interconnections, the substrate was bent up 
to 180°. During the static bending of the PDMS, the interconnections remained 
conductive and the LED remained on up to 180°. 
4.1.3 Conclusions 
A direct, selective and rapid metallization method for PDMS elastomers using modified 
photoresist and electroless copper plating was developed. The applied uniaxial strain 
resulted in a crack-free copper film up to 10% strain. The conductivity showed good 
stability up to 10% applied strain, after which the conductivity dropped 1.4 times 
compared to the initial measurement. Static bending tests showed that a flexible LED 
circuit has a high flexibility up to 180°. The proposed cost-effective and fast 
metallization method of PDMS substrates is a promising fabrication technique, which is 
compatible with standard microfabrication processes for application in flexible and 




4.2 Additional knowledge and results 
This section includes only a limited number of experimental arrangements and 
characterization techniques that were used to successfully fulfill the aims of this 
research. 
4.2.1 Experimental set-up 
Fabrication of PDMS substrate 
Two types of PDMS substrates were used in the publication: commercially available 
Gel-Pak® and laboratory-prepared. 
Laboratory-prepared PDMS was made in the following manner:  
1) the required amount of the curing agent (Sylgard® 184) was poured onto a 
container that was placed on the electronic weighing balance; 
2) the required amount of PDMS base (Sylgard® 184) was poured. The weight of 
the PDMS base should be 10 times the weight of the curing agent; 
3) the resultant mixture was whisked vigorously with a spatula to make sure that 
the curing agent was uniformly distributed. The mixture was transferred into a 
teflon mold. The diameter of the Teflon mold was 4 cm. 
4) the final mixture contained air bubbles - these should be removed before curing. 
The mixture was placed into a bell-jar desiccator connected to a pump to allow 
trapped bubbles to escape. The mixture was left there for 1 hour; 
5) after degassing, the mixture in the Teflon mold was placed into a convection 
oven for curing for 2 hours at 120 °C. 
 
Spin coating 
PDMS consists of a –Si-O-Si-O- main chain and a –CH3 side chain [5]. The –CH3 
groups are hydrophobic. Oxygen plasma was used to increase the surface roughness and 
to introduce polar functional groups, which are mainly a silanol group –SiOH [6]. This 
group changes the hydrophobic surface to hydrophilic and allows for a better spin 
coating of the polymer/AgClO4 film onto the hydrophilic PDMS surface. 
The spin coating of the polymer/AgClO4 was performed in a dynamic mode for better 
spreading of the photoresist and involved 4 steps: 500 r/min for 5 s, 1000 r/min for 10 s, 
3000 r/min for 30 s and 1000 r/min for 10 s. The laboratory-prepared PDMS substrate 
was placed directly onto the chuck of the spin coater. Gel-Pak® PDMS-based gel sheets 




the substrates still attached.  The polyethylene coversheet was removed prior to the spin 
coating. Figure 4.1 shows the constituents of the Gel-Pak® PDMS-based gel sheets. The 
polyester substrate is easily removable. It was detached before the hard-baking step. 
The removal of the substrate should be handled carefully, as post-processing stress 
could be introduced if poorly handled.  
 
 
Figure 4.1: Gel-Pak® PDMS-based gel between the polyethylene coversheet and polyester substrate [7]. 
 
Soft and hard baking steps 
The large thermal coefficient of expansion of the PDMS (0.31 % per K) compared to 
the photoresists may lead to crack formation in the photoresist during the 
photolithography manipulations [8]. Therefore, slow gradual heating and cooling was 
applied during the soft and hard baking steps. The temperature ramping was set to 
5 °C/min.  The PDMS with the photoresist layer was inserted into the convection oven 
at room temperature. The gradual heating was started only after the samples were 
enclosed in the oven. After the baking was performed, samples were left inside the oven 
until the oven reached room temperature. It was discovered that if the PDMS with the 
photoresist layer was inserted into a pre-heated oven, cracks immediately started to 
form in the photoresist layer. Moreover, if the samples were taken out of the oven while 
the temperature in it did not reach room temperature, cracks also started to form in the 
photoresist layer. Additional images of the polymer/AgClO4 and copper films on the 
PDMS substrate are shown in Figure 4.2a, b.  
4.2.2 Characterization tools and equipment  
A laboratory-made mechanical strain machine 
The strain machine was laboratory made, Figure 4.2c. The optical translational stage 
was modified with plastic clamps to hold the film. The plastic clamps were cut from a 







Figure 4.2: a) Polymer/AgClO4 film on the PDMS substrate after the hard baking step, b) copper film on 
the PDMS substrate after electroless plating, and c) a laboratory-made mechanical strain machine. 
 
The copper-plated PDMS film was placed onto the mechanical strain machine and 
clamps were attached using screws. The optical images of the cracks formed during the 
applied strain test were obtained by placing the strain machine onto the stage of the 
optical microscope. The optical images were taken while the strain was applied.   
 
Dynamic mechanical analyzer 
Bending cycle experiments were conducted on a dynamic mechanical analyzer (DMA, 
TA Instruments, Model Q800) in a single cantilever mode. DMA is an analytical 
instrument used to test mechanical properties of various materials. To make 
measurements, the test sample is mounted on one of the clamps and deformation is 
imposed on the sample in order to evaluate mechanical properties of the material [9]. 
The tested samples had 17.1 mm in length, 10.4 mm in width and 1.2 mm in thickness. 
Deflections to 2.5 and 5.0 mm were applied. Figure 4.3 shows the set-up. DMA was 
only used to perform the bending of the film. The resistance was then measured over the 





Figure 4.3: A bending cycle test: a cantilever with a movable and fixed clamp. A film is secured between 
the movable and the fixed clamp. 
	
4.3 Contribution to the thesis 
PDMS belongs to the silicon-based organic elastomers, which is widely used in 
electronics applications [10]. Enormous research efforts have been applied to combine 
metal and PDMS to fabricate stretchable and flexible electronics.  
This publication contributes to the main objective of the thesis – to directly metallize 
non-conductive surfaces, such as PDMS. It goes beyond metallization of the rigid glass 
and silicon substrates, as it also studies the metallization of flexible and stretchable 
elastomeric substrates that find a wide range of applications in conformal electronics.  
Copper interconnects were fabricated on the flexible PDMS substrates using modified 
photoresist and electroless copper plating. This work extends into investigating the 
behavior of the electroless copper due to applied strain and bending deformations. This 
allowed further evaluation of the mechanical and electrical properties of the electroless 
copper. It was demonstrated that electroless copper on the PDMS substrate can act as 
interconnects and withstand strain up to 10%. 
The proposed rapid electroless copper plating of the PDMS elastomers is an attractive 
alternative for a direct PDMS metallization that is compatible with the standard 
microfabrication processes.  
4.4 Impact on literature and research 
Metallization of flexible elastomers plays an important role in fabricating wearable 
electronics, soft robotics and displays [11]. However, there are some difficulties with 
metal deposition onto flexible insulating substrates.  These include poor metal adhesion 




microelectrodes on the PDMS surface should withstand mechanical stresses while 
maintaining their electrical properties. Various methods of PDMS metallization have 
been proposed such as traditional sputtering [12], metal transfer [13] and laser assisted 
reduction of copper salts followed with a metal transfer step [14]. To make this 
possible, however, sputtering needs an expensive vacuum environment, while metal 
transfer is a multiple step process that requires an additional rigid substrate.  
Electroless copper plating of the PDMS is an attractive alternative that has low cost and 
good conductivity [10]. However, catalysts are required in order to deposit electroless 
copper. Various authors use an additional selective activation step to deposit electroless 
copper on PDMS. Huang et al. [15], have combined a microfabrication technique with 
the electroless copper using a surface activation step. This consisted of 3D printing of 
the pattern with Ormocomp resin and dipping into a silver nitrate solution. An 
Ormocomp resin with silver ions served as an additional layer between the PDMS 
substrate and copper metal.  
In another work by Zhang et al. [10], polydopamine was used as an additional adhesive 
layer between the PDMS and silver ions for the subsequent electroless copper adhesion.  
Sun et al. [16] employed an inkjet printing technology to write patterns on the PDMS 
substrate. An additional layer of PDMS mixed with an oil reducing agent was spin 
coated to act as a reducing agent when the aqueous based ink consisting of silver amine 
salt was printed. The resultant micro-patterns had a resistivity of 2.17 × 10−6 Ω m. 
The new emerging techniques such as inkjet printing advance the fabrication of the 
flexible interconnects. However, it still carries challenges such as weak adhesion, low 
conductivity and additional sintering steps [16]. Electroless copper plating is a 
promising alternative to metallize plastic surfaces. However, the existing efforts to use 
electroless plating included additional steps that make it more complex.  
The metallization technique proposed in this chapter yields a competitive metallization 
technique to the research field of PDMS metallization. A simple addition of the silver 
salt to photoresist makes the metallization process fast without a demand for further pre-
dipping steps. The proposed method combines microfabrication and electroless plating.  
It eliminates, however, the need for extra adhesive layers to trap catalysts for copper 
deposition. Moreover, the obtained conductivity is comparable to bulk copper. The 
developed technique is compatible with standard microfabrication technology; however, 
the proposed metallization method has low cost and does not require vacuum and 




of PDMS Substrates for Flexible and Stretchable Electronics Applications” gives an 
original contribution to the field of novel process engineering for emerging stretchable 
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• Crack-free deposition of electroless copper over elastomeric surfaces; 
• Strong metal-to-PDMS surface adhesion;  
• Copper film remains conductive whilst it undergoes bending and 
stretching deformations; 
• Copper-plated PDMS substrates have high flexibility (up to 180°). 
	
Abstract 
Metallization of a polydimethylsiloxane (PDMS)-based substrate is a challenge due to 
the difficulties in forming crack-free polymer and metal features using standard 
deposition techniques. Frequently, additional adhesion layers, rigid substrates, multiple 
processing steps (lift-off and etching) and expensive metal sputtering techniques are 
required, to achieve such metal patterns. This work presents a novel and rapid technique 
for the direct metallization of PDMS substrates using photolithography and electroless 
copper plating. The method has the advantage of not requiring expensive vacuum 
processing or multiple metallization steps. Electroless copper layer is demonstrated to 
have a strong adhesion to PDMS substrate with a high conductivity of 
(3.6 ± 0.7) ×107 S/m, which is close to the bulk copper (5.9×107 S/m). The copper-
plated PDMS substrate displays mechanical and electrical stability whilst undergoing 
stretching deformations up to 10% due to applied strain. A functional electronic circuit 
was fabricated as a demonstration of the mechanical integrity of the copper-plated 
PDMS after bending. 
 
Keywords:  copper-plated PDMS, direct metallization, electroless plating, flexible 
















Stretchable and flexible electronics have received great interest for multiple applications 
ranging from wearable electronics, soft robotics, displays to bioelectronics [1], [2].  The 
increasing demand for flexible microelectronic systems requires the development of 
flexible circuits with interconnections that can withstand mechanical stresses under high 
strains [3]. Various nanocomposite materials and elastic polymers such as polyimide, 
polyethylene naphthalate and polyethylene terephthalate are currently being 
investigated as soft substrates for fabrication of flexible electronic devices with 
stretchable interconnections linking electronic parts [4].  
PDMS elastomer is an excellent candidate for flexible electronics due to its stretchable 
and bending characteristics [5]. However, the integration of circuitry is a challenge due 
to the difficulty encountered in directly depositing a conductive material. Frequently, 
cracks are formed in the photoresist during photolithography and in the metal during the 
sputtering processes [6]. Moreover, adhesion is poor and additional adhesion layers, 
bonding agents and multiple processing steps (lift-off and etching), are required to 
achieve a crack-free photoresist and metal patterning on PDMS [7]. Expensive vacuum 
techniques such as e-beam evaporation or sputtering are used for metal deposition on 
PDMS-based substrates. Direct metal transfer technology is another example of metal 
deposition onto polymer substrates. However, this method usually requires an additional 
rigid substrate (e.g. glass and silicon wafer) to prepare metal patterns prior to their 
transfer onto PDMS substrates [8]. An economic and simple technique is therefore 
needed to provide a high metal-to-PDMS surface adhesion that remains conductive 
whilst the substrate undergoes bending and stretching deformations. The formation of 
conductive features by direct metallization triggered by light patterning addresses these 
issues [9].  
In this work, we have developed a rapid technique for the direct metallization of PDMS 
substrates by reliable photolithography and electroless copper plating methods. Fig. 1 
shows the newly developed photo-patterning and metallization steps. Modified DNQ-
novolac photoresist polymer (hereafter - polymer) was mixed with AgClO4 salt, which 
was thermally reduced to Ag nanoparticles (NPs) inside the polymer during a hard bake 
step [4]. Crack-free metal patterns are achieved through optimization of 
photolithography parameters. Analysis of cracking and buckling formations in polymer 




has been performed, through the study of the optical micrographs. The 
electromechanical behaviour of metal patterns on PDMS was investigated by measuring 
changes in electrical conductivity in response to strain and bending cycling 
deformations. As a proof of concept, we demonstrate a flexible light emitting diode 
(LED) circuit fabricated by the developed metallization method and show the circuit 
working during the bending test.  
 
 
Fig 1. Schematic steps of the direct metallization of PDMS substrate using photolithography and 






Two types of PDMS were tested: commercial PDMS-based gel sheets supplied by Gel-
Pak® (150 μm thickness), and laboratory-prepared PDMS substrates prepared by curing 
a silicone elastomer (Sylgard® 184) with a curing agent (Sylgard® 184) in a 10:1 ratio in 
a convection oven (Binder, Germany). PDMS substrates were treated with oxygen 
plasma prior to polymer/AgClO4 spin coating to increase PDMS surface roughness. 
Oxygen plasma was applied using the PLASMALAB device (Oxford Instruments 
Plasma Technology) for 10 s at 100 mTorr pressure with an oxygen plasma dose of 
1.5 kJ (plasma power, 150 W × time, 10 s). 
 
2.1 Synthesis of Ag NPs seeds inside the polymer and photo-patterning method 
0.1 M silver perchlorate (AgClO4, Sigma Aldrich, 97 %) concentration was received by 
dissolving it in 1-methoxy 2-propylacetate (MPA) (Sigma Aldrich, 99%). Ma-P 1215 
photoresist (MicroResist Technology) was mixed with silver solution in 1:1 ratio. The 
resultant mixture was spin coated on PDMS substrates at 3000 rpm for 30 s and soft 
baked at 95 °C for 30 minutes in an oven. PDMS substrates were exposed to UV light at 
14 mWcm-2 using a Karl Suss MJB 3 UV mask aligner and developed with AZ 326 
developer. The samples were hard baked in a convection oven using ramping 
temperature profile for 1 hour. 
 
2.2 Fabrication of electroless copper films and interconnections  
Electroless copper bath solution was prepared by dissolving 6 g of copper sulfate (98%, 
Sigma Aldrich), 8 g of sodium hydroxide (98.5%, Acros Organics), and 28 g of 
potassium tartrate (99%, Fisher Scientific) into 200 ml of DI water. Before electroless 
plating, the concentrated solution was diluted with DI water in the ratio of 1:1 and 2 ml 
of formaldehyde (37 %, Acros Organics) was added. Ma-P 1200 series photoresists 
have an outstanding stability in acid and alkaline plating baths, therefore, treated 
substrates were immersed into electroless copper bath for 10 minutes. Electroless 
copper plating was carried out at 30 °C.  
Flexible LED circuit was fabricated as a proof of concept. Conductive electroless 
copper interconnections were fabricated on 1 mm thick PDMS, using a laboratory-made 
photo-mask and its bending properties were tested. Flexible LED circuit consists of a 





2.3 Characterization and measurement 
Copper film thickness and PDMS surface roughness were measured by a Dektak3 Stylus 
optical profilometer and optical images of the film surface were obtained using LEICA 
CTR 6500 instrument. All resistance measurements were performed by a two-point 
probe technique using SIGNATONE S-1160 probe station. The metal plating quality 
was tested using the IPC -TM-650 scotch tape test [10]. Pressure sensitive tape Type 1, 
Class B was firmly applied to metal surface removing all air entrapment. The test was 
performed three times with fresh tape used for each test. The tapes were visually 
examined for presence of any portion of the film having been removed from the PDMS 
surface.  
Copper-plated PDMS substrates were stretched with a laboratory-made mechanical 
strain machine that consists of a displacement-sliding table and clamps to hold a film. 
Mechanical strain machine is capable to apply up to 80% uniaxial strain to metallized 
patterns. Bending cycles experiments of 10,000 cycles were conducted on a Dynamic 
Mechanical Analyzer (DMA, TA Instruments, Model Q800) in single cantilever mode 
with amplitudes of 2.5 mm and 5.0 mm at a frequency of 1Hz at room temperature. 
Tested PDMS substrates with copper film have 17.1 mm length, 10.4 mm width and 




3. Results and discussion 
The PDMS surface roughness is affected by applied oxygen plasma [11]. Therefore, the 
surface roughness of PDMS-based Gel-Pak® films increased from 10 ± 2 nm to 
53 ± 4 nm after oxygen plasma treatment.  As for laboratory-prepared PDMS, the 
surface roughness increased from 7 ± 2 nm to 33 ± 8 nm. The increase of the surface 
roughness allows for uniform coating of the PDMS surface with polymer/AgClO4 
solution. The formation and growth of Ag NPs inside the polymer matrix occurs by 
thermal induced reduction of Ag(I) to Ag(0) at high temperatures [12]. The Ag NPs act 
as seeding catalysts for copper ions adsorption during the electroless copper 
metallization step [13]. Electroless copper plating for 10 min resulted in copper 
thickness of 0.44 ± 0.05 μm. Deposition of the metal film over the elastomeric surface 
may result however in the formation of cracks and buckles. For this reason, we discuss 
in the following sections film morphology and study the electromechanical behaviour of 
the copper film on PDMS surface by applying strain and bending deformations.  
 
3.1 Morphology analysis of polymer/Ag NPs and metal film on PDMS 
Process-induced cracks in spin coated polymer/AgClO4 film on PDMS occur during the 
lithographic patterning processes such as the soft and hard baking steps. These cracks 
arise from the expansion of the elastomer surface due to applied temperatures, which 
induces a thermal tensile stress over the polymer/AgClO4 film. This leads to the 
polymer/AgClO4 film rupturing and may also cause the underlying PDMS substrate to 
fracture [14]. Fig. 2a shows the process induced cracks in PDMS when films experience 
sudden temperature change due to heating and cooling. Developed fractures in PDMS 
during the soft and hard baking steps further effect the quality of polymer/AgClO4 and 
metal patterns on the PDMS surface (Fig. 2b). The existing fractures in PDMS and 
polymer/Ag NPs extend into a copper layer and introduce metal cracks. Therefore, it is 
important to avoid pre-existing cracks in PDMS and polymer/Ag NPs prior to 
metallization. Careful control of the baking temperature allows crack elimination. 
Fractures were avoided during soft and hard baking processes by utilizing homogenous 
heating and cooling in an oven by applying temperature ramping of 5 °C/min.  
Compressive stress can also build up during the cooling process which results in 
buckling or wrinkle formations [14]. The temperature chosen during the hard baking 




developed (Fig. 2 c-d), however, decreasing the temperature down to 150 °C reduced 
buckling formation. Fig. 3 shows received crack-free polymer/Ag NPs patterns which 




Fig. 2. Study of optical micrographs for PDMS fractures due to sudden baking temperature changes (a) 
polymer/Ag NPs patterns and (b) copper metal patterns.  Buckle formations due to 190 °C hard baking 




Fig. 3. Study of optical micrographs: (a) polymer/Ag NPs film baked at 150°C, (b) copper metal film, (c) 




3.2 Mechanical and electrical properties  
The formation of strong adhesion between the copper layer and PDMS is important for 
mechanical and electrical stability. The fabricated copper film on PDMS substrate has a 
strong adhesion and passes the scotch-tape tests. The mechanical properties of copper 
micro-patterns on PDMS substrate is further tested with application of the uniaxial 
longitudinal strain parallel to the direction of the copper micro-lines. Fig. 4 shows a 
development of strain-induced cracking in copper patterns on PDMS substrate as a 
function of the applied uniaxial strain. At zero strain, no process-induced cracks are 
observed. The strain-induced cracks start forming at 10% applied strain. As the applied 
strain increases, the density of cracks increases (Fig. 4g). The increase of the applied 
strain results in an enlarged crack width. The arrows in Fig. 4 (d-e) show the visual 





Fig. 4. Development of the strain-induced cracks in copper micropattern due to applied uniaxial strain. 
Strain is applied parallel to the copper line patterns. From (a) to (f) the applied strain varies from 0% to 
25%. (g) Density of strain-induced cracks as a function of the applied strain. (h) laboratory-made 
mechanical strain machine. 
 
Fig. 5a shows the electromechanical behaviour of the copper film as a function of the 




The conductivity drops to (2.5 ± 1.3) ×107 S/m at 10% strain. The longitudinal applied 
strain leads to the formation of horizontal micro-cracks in the copper film. Therefore, 
formed micro-cracks contribute to a reduction in the electrical conductivity. Further 
increase in the strain leads to a more discontinuous copper film with a conductivity 
approaching (0.5 ± 0.5) ×107 S/m at 15% applied strain. To further study the 
electromechanical behaviour of the copper film on the PDMS substrate, mechanical 
cycling tests were performed. Fig. 5b shows a change in normalized resistance (R/R0) as 
a function of the bending cycles. Copper films were bent to 2.5 and 5.0 mm amplitudes. 
The resistance increased by almost 1.4 times when copper film was bent for 1,000 
cycles for both bending amplitudes. As the bending proceeded, the change in resistance 
increased and the conductivity dropped by a factor of two when copper film was bent to 
2.5 mm amplitude and a factor of 4.5 when copper film was bent to 5.0 mm amplitude, 




Fig.5. Dynamic electromechanical analysis of the copper-plated PDMS films.  (a) Change in conductivity 
as a function of the applied strain. The insets show a copper film with the direction of the applied strain 
and a set up for resistance measurement with two-point probe. (b) Change in resistance during 10,000 
cycling test for 2.5 mm and 5 mm amplitudes. The inset shows a cantilever with the movable and fixed 
clamps with a clamped film. 
 
3.3 Application. Interconnections and flexible electronic circuit  
Copper-plated PDMS was tested as a flexible LED circuit. Fig. 6a shows electroless 
copper interconnections fabricated on 1 mm thick PDMS substrate. An LED and battery 
were attached to the interconnections to form an electronic circuit (Fig.6b). With the 




performed to study the electrical properties of the electroless copper interconnects on 
the PDMS surface (Fig.6 c-f). The electroless copper interconnections are located on the 
compressive side of the curvature. Normal LED operating mode was observed while the 
circuit was bent to 45°, 90°, 135° and 180°.  During the static bending, interconnections 
remained conductive and LED remained switched on up to 180° bending angle.  
 
 
Fig. 6. Application of the PDMS metallized with copper composite. (a) Interconnections, (b) LED 





We have developed a direct, selective and rapid metallization method of PDMS 
elastomers. Formed copper films and micro-patterns have advantages of high 
conductivity and good adhesion to PDMS substrate. Optimization of photolithographic 
parameters reduced process-induced cracks and buckles in polymer/AgClO4 and 
subsequently in copper layer. The applied uniaxial strain resulted in crack-free copper 
film up to 10% strain. The conductivity shows good stability up to 10% applied strain, 
after which conductivity dropped 1.4 times compared to the initial measurement. 
Flexible LED circuit demonstrated that copper-plated PDMS has a high flexibility (up 
to 180°). The proposed low-cost and rapid metallization method of PDMS substrates is 
a promising fabrication technique, which is compatible with standard microfabrication 
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“Plastics and glass and things of this amorphous nature are very much more 
homogeneous, and so we would have to make our machines out of such materials.” 
- Richard P. Feynman, 
“Plenty of Room at the Bottom”, Dec. 1959 
 
The aim of this chapter is to present a summary of “Selective Metallization of 3D 
Printable Thermoplastic Polyurethanes” that was published in the IEEE Access Journal. 
It also seeks to discuss its impact on the current literature and research. Section 5.1 
includes an introduction, objectives, findings and conclusions. Section 5.2 describes the 
additional results and knowledge gained in the work. It consists of experimental set-up, 
characterization methods and additional results that were not included in the article. 
Section 5.3 explains how the research carried out on the basis of this article has 
contributed to achieving the overall aims of this thesis. Finally, section 5.4 describes the 
impact it has had on the expansion of knowledge in general in the field of metallization 
of polymers. 
5.1 Introduction 
Metallized polymer films have become increasingly important in microelectronic 
packaging, computer technology and biomedical engineering fields [1]. Fused filament 
fabrication (FFF) has become a popular method to print plastic parts. However, it is 
mostly limited to a small number of thermoplastic filaments such as polycarbonate 




various thermoplastic conductive filaments have been developed for FFF printers. The 
conductivity of the filaments nonetheless remains generally low [4], [5].  
Circuit structuring on the polymers by laser direct structuring (LDS) and laser-induced 
selective activation (LISA) are popular methods to metallize plastic [6], [7]. However, 
these techniques frequently use expensive fillers such as palladium [8].  
In the pursuit of achieving metallized plastic, hybrid additive manufacturing has 
become one of the approaches to create metal parts on plastic by applying post-
processing techniques [9], [10]. These include electroless and electroplating of the 3D 
printed plastic parts that were produced using stereolithography and FFF printers [11], 
[12]. Electroless plating has advantages over electroplating as it is a simple technique 
that allows metallization of 3D geometries [13]. 
This chapter presents a direct and selective metallization method for TPU filaments and 
3D printed TPU parts via surface pre-treatment and electroless copper plating. In this 
method copper patterns can be directly deposited on the 3D printed plastic objects with 
good selectivity and conductivity. Additionally, conductive segments were realized on 
the insulators by printing a TPU part on an ABS insulator substrate.  
Four commercially available TPU filaments were studied: FilaFlex® (Recreus), 
SemiFlex™ (Ninjatek), PolyFlex™ (Polymaker) and NinjaFlex® (Ninjatek). 
The developed method includes a photo-reduction of the Ag ions to Ag nanoparticles on 
the surface of the TPU. The resultant Ag nanoparticles acted as catalysts for copper 
deposition during the electroless plating.  
5.1.1 Objectives  
The main objective of the work was to create micro-patterns and interconnects on the 
printed TPU substrates. The main research questions related to the quality of the copper 
patterns on the plastic substrate: 1) does the copper pattern have a good selectivity? 2) 
does the copper coating have a strong adhesion to the plastic substrate? It was deemed 
important to investigate which TPU filament is the most susceptible towards hydrolysis 
and, therefore, electroless plating with copper. Another purpose of the study was to 
explore whether the selective metallization of the 3D printed TPU parts on an ABS 
substrate can be successful and whether only TPU parts undergo the electroless plating.  
5.1.2 Findings 
TPU filaments were expected to be modified with an alkaline KOH treatment. 




chemical structure of the TPU materials after hydrolysis. The exact composition of the 
TPU filaments is not known. However, Filaflex™ is a polyether-polyurethane based 
filament. Under severe alkali treatment, polyether-polyurethanes can undergo 
hydrolysis. This occurs at the urethane linkage [14], [15]. FTIR measurements showed 
that a vibration band at 1725 cm-1 is attenuated for all TPU samples. This indicated that 
the urethane linkage is broken due to hydrolysis. Additionally, peaks at 1162 cm-1 (C-
O) and 1139 cm-1 (C-O) are attenuated as well. This shows that hydrolysis can also 
occur in the functional groups of the soft segments. 
The size of Ag nanoparticles and their distribution was studied with SEM. The average 
sizes of Ag NPs formed on Semiflex™, PolyFlex™, NinjaFlex® and FilaFlex™ filaments 
are 58 ± 27 nm, 68 ± 41 nm, 38 ± 20 nm and 17 ± 5 nm, respectively. SEM 
measurements were also applied to study the deposited copper layers onto the photo-
reduced Ag nanoparticles. It was found that copper has a granular structure and covers 
TPU surfaces uniformly. The average sizes of the copper grains are 0.6 ± 0.4 μm, 
0.3 ± 0.1 μm, 0.2 ± 0.1 μm, 0.4 ± 0.1 μm for FilaFlex™, SemiFlex™, PolyFlex™ and 
NinjaFlex®, respectively. 
The copper patterns on the PolyFlex™ were found to be well defined and they had good 
selectivity compared to other TPU filaments. The sheet resistance of the 3D printed 
PolyFlex™ square samples was measured as 139.4 ± 7.2 mΩ/☐. The adhesion scotch 
tape test resulted in 7.3 % removal of the copper from the surface area of 
20 mm × 20 mm. The selectivity was studied by investigating the boundary between the 
copper and polymer. It was found that a well-defined boundary exists between the 
fabricated copper interconnect and the 3D printed TPU substrate.  
A 3D printed PolyFlex™ pattern was printed onto an ABS substrate. The structure was 
surface treated and plated with electroless copper. After submerging a 3D structure into 
the electroless copper bath, only the PolyFlex™ pattern was covered with copper. The 
ABS substrate was left unaffected by it.  
Copper plated PolyFlex™ parts were successfully tested as interconnects to connect a 
motor and a motor driver circuit.  
5.1.3 Conclusions 
Four commercially available TPU filaments were successfully metallized using a newly 
developed electroless copper metallization method. This technique allows the creation 




coating has good adhesion to the TPU polymer substrate. Moreover, micro-patterns and 
interconnects have a good selectivity. The fabricated electroless copper has a sheet 
resistance of (139.4 ± 7.2) mΩ/☐ and a conductivity of (1.1 ± 0.1) × 107 S/m which is 
comparable to bulk copper.  
5.2 Additional knowledge and results 
This section describes only a limited number of experimental set-ups and 
characterization methods that were employed in the pursuit of this research.  
5.2.1 Experimental set-up 
LED exposure set-up 
A 1 W LED with a wavelength of 460 nm was used to photo-reduce silver ions to 
metallic silver. Figure 5.1 shows a schematic of the LED set-up. It consists of an LED 
source, a photomask and a sample placed on the supporting base. 
	
 
Figure 5.1: A schematic of the LED set-up comprised of a 1 W LED source, a photomask and a sample 
on the base. [Adopted and modified from the report “Characterization of the LED source” by Dr. T. D. A. 
Jones, 2018]. 
 
The power output of the LED is constant and set by the manufacturer. The intensity 
may vary depending on the distance between the source and the sample.  
The sample was placed approximately 32 mm away from the LED source. This distance 
was identified as optimal based on previous intensity measurements. The set-up to 




the LED and a detector. Figure 5.2a shows an image of the photodetector attached to the 




Figure 5.2: A set-up for intensity measurements: a) a photograph and b) a 2D schematic. [Adopted and 
modified from the report “Characterization of the LED source” by Dr. T. D. A. Jones, 2018]. 
 
The measurements of the peak intensity in x, y, and z directions were discovered to be 
12 W/cm2. The intensity distributions are shown in Figures 5.3, 5.4 and 5.5. The sample 
was then placed at a distance of 32 mm away from the LED source. 
 
 
Figure 5.3: LED Intensity measured for changes in the Y orientation. [Adopted and modified from the 























Figure 5.4: LED Intensity measured for changes in the Z orientation. [Adopted and modified from the 




Figure 5.5: LED Intensity measured for changes in the X orientation. [Adopted and modified from the 

















































5.2.2 Characterization methods 
Fourier-transform infrared spectroscopy (FTIR) 
The composition of the polymers was determined by performing FTIR measurements 
using a Perkin-Elmer Spectrum 100 FT-IR spectrometer operated in attenuated total 
reflection (ATR) mode.  
FTIR is a type of vibrational spectroscopy in which a sample is irradiated with infrared 
radiation from an infrared source [16]. A molecule when exposed to radiation absorbs 
only at frequencies corresponding to its molecular modes of vibration. The changes in 
the vibrational motion give rise to bands in the vibrational spectrum [16]. They are 
characterized by frequency and amplitude.  
The ATR mode allows a direct measurement of the spectra of samples in contact with 
an ATR element. It thus eliminates the need for further sample preparation. ATR uses 
total internal reflection. It creates evanescent waves that extend beyond the ATR 
element. Evanescent waves have a relatively thin depth of penetration and lose energy 
at frequencies identical to the absorbance of the sample [17].  
During the measurement, a background spectrum was taken. Figure 5.6 shows a part of 
the FTIR device i.e. a clamp and a diamond crystal. A TPU sample was placed on the 
ATR diamond crystal and maximum pressure was applied using the slip-clutch 
mechanism of the clamp. The resultant spectra were compared with the available 











Jandel RM 3000 model 
The Jandel RM 3000 model four-point probe station was used to measure the sheet 
resistance. Figure 5.7 illustrates photographs of the four-point probe station. This unit 
supplies a constant current. It can also display the resultant voltage and sheet resistance. 
The probe spacing is 1 mm. 
The measurements were performed with a current of 1 mA. The current in forward and 
reverse direction was applied to verify the measurement. The current in forward 
direction should result in the positive voltage, and current in the reverse direction 
should yield the same voltage value but with a negative sign. The average of the 
measured sheet resistances was calculated. The resistivity,	𝜌 was estimated using the 
formula:  
 
𝜌 = 𝑅+	 × 𝑡    (5.1) 
 




Figure 5.7: A Jandel four-point probe station a) the machine, b) a platform with a probe head, dummy 
probe (for calibration purposes), a cap (to cover four-point probe tips), a test resistor (for calibration 





5.2.3 Additional results 
The selectivity of the metal patterns on the polymers is one of the biggest challenges. 
Selectivity of metallization involves a deposition of the specific parts with a conductive 
layer without deposition of metal onto the surrounding dielectric layer [19]. This 
chapter investigates the selectivity of the electroless copper on the polymer substrates 
by analyzing the optical images of the fabricated patterns. Figure 5.8 shows an optical 
image of the micro-pattern on the printed Polyflex™ substrate.  
 
 
Figure 5.8: An optical image of the electroless copper pattern on the printed Polyflex™ substrate. 
 
The selectivity was determined by observing a boundary between the electroless copper 
pattern and the surrounding Polyflex™ substrate. 
Figure 5.9 shows additional 3D structures that were fabricated and not included in the 
publication. The 3D structure consists of a Polyflex™ pattern on an ABS substrate. In 
this structure, the Polyflex™ pattern has a height of 5 mm, which was selectively 
covered by electroless copper. As a result, the developed metallization method is also 
selective towards the materials and it allows fabrication of copper plated Polyflex™ 










From the scotch-tape test, only one sample was included in the publication. Figure 5.10 
depicts all three samples that were tested. Sample 1 has 6.3 % of copper removal, 
sample 2 has 9.0 % and sample 3 has 6.7 %. This resulted in an average of 7.3 % of the 




Figure 5.10: Images of the metallized PolyFlex™ after the IPC-TM-650 scotch-tape test and the 
corresponding tapes with the removed copper. 
 
5.3 Contribution to the thesis 
This paper investigates the fabrication of micro-patterns and interconnects on 3D 
printed TPU structures. These 3D structures were printed with the newly developed 
TPU filaments for FFF printers. The development of novel materials allows realization 
of new approaches in fabrication, improving the functionality and performance of 
printed electronics. 
This work contributes to one of the goals of this thesis i.e. to create metal patterns on 
flexible polymeric 3D printable substrates using an additive and direct metallization 
method. Metal coating and patterns were deposited additively without any conventional 
techniques e.g. liftoff. The micro-patterns were created through a photomask. No LED 
exposure was, however, needed to create a metal coating or a layer on the TPU surface. 
The customized design of copper-plated TPU patterns was fabricated on ABS substrate. 
This method is, therefore, selective with respect to the materials used.   
Compared to conventional technology, this work shows that additive manufacturing 
allowed the creation of complex structures and geometries and achieving customized 
design. To produce micro-patterns on the flexible substrates, no microfabrication 
facilities were needed. Consequently, less tools and machines were used. In turn, this 
yielded a more eco-friendly and sustainable metallization solution since the need of 




structures on ABS, etching of Ag NPs is further eliminated, which resulted in an even 
more environmentally friendly metallization method.  
5.4 Impact on literature and research 
Due to the unique characteristics of metals and plastics, the metallization of polymers is 
an area of interest to produce printed electronics. The advantages of metal-on-plastic are 
a reduction in mass, energy consumption and production time. Moreover, even if the 
metallic layer fails, it does not form an electrochemical cell with the underlying 
polymer substrate due to high corrosive resistance of the polymer. This, therefore, 
eliminates a corrosion process [20]. 
Many attempts have been made to produce metal coatings on polymers using DLP 3D 
printing, as discussed in chapter 2. The modification of thermoplastic filaments with 
carbon black [5], carbon nanotubes [21] and graphene-based [22] fillers led to the 
achievement of conductive 3D printable filaments. However, conductivity was still low 
when compared to that of bulk metals.  
In this work, electrical conductivity comparable to bulk copper was achieved. The 
metallic coatings have a strong adhesion to the substrate. They are, therefore, 
mechanically reliable. The newly created TPU filaments were investigated for their 
susceptibility to hydrolysis and metallization. The findings, therefore, can be considered 
a further investigation of the performance of the metallized polymers for customizing 
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This paper presents a selective metallization method for the newly developed 3D 
printable thermoplastic polyurethane elastomers (TPU): FilaFlex®, SemiFlex™, 
PolyFlex™ and NinjaFlex®. Silver nanoparticles were fabricated in-situ by photo-
reduction on the surface of TPUs and acted as catalysts for copper ion adsorption. This 
method demonstrates the successful fabrication of copper patterns on flexible TPU 
filaments. Furthermore, Polyflex™ and acrylonitrile butadiene styrene (ABS) filaments 
printed in the same part have been used to enable selective electroless plating directly 
on Polyflex™ material. Electroless copper deposited onto Polyflex™ has a sheet 
resistance of (139.4 ± 7.2) mΩ/☐ and a copper conductivity of (1.1 ± 0.1) × 107 S/m that 
is comparable to bulk copper. Copper-plated Polyflex™ interconnects were fabricated as 
a proof of concept demonstrator. 
 
Index Terms 
Thermoplastic polyurethane elastomers (TPU), fused filament fabrication (FFF), 3D 
printing, additive manufacturing (AM), hybrid-AM, silver nanoparticles (Ag NPs), 











Digitally printed electronics using additive manufacturing (AM) has been steadily 
developing over the last three decades towards the manufacture of electronics 
components, devices and systems [1], [2]. AM such as 3D printing does not require 
high vacuum, high voltage deposition processes and multi-stage photolithography to 
produce conformable electronics [3], [4]. With the development of flexible electronics, 
metallized polymer films have gained an increased interest from the microelectronic 
packaging, computer technology and biomedical engineering community [5], [6]. 
Whilst a number of printing techniques, including ink-jet [7] and screen printing [8], 
have been adapted to print interconnects and circuitry on flexible substrates, fused 
filament fabrication (FFF) is currently one of the most commonly applied methods for 
printing plastic parts such as flexible polymeric substrates [4]. FFF printing works by 
the controlled extrusion of thermoplastic filaments onto a build platform using a layer-
by-layer motion [9]. Although FFF is an attractive, simple and affordable manufacturing 
method to produce plastic parts and structures at relatively high speed [10], it is mostly 
limited to a certain number of thermoplastic filaments such as polycarbonate (PC), 
acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) [4], [9]. Nevertheless, 
new materials with superior flexible properties are constantly being researched, which 
include thermoplastic polyurethane elastomers (TPU). TPUs are multi-phase block 
copolymer that consists of rigid hard segments, diisocyanate and short chain extenders, 
and rubbery soft segments, commonly polyester or polyether-based, which are linked by 
hydrogen bonds [11]. These filaments mainly consist of polyurethane and additives to 
aid the printing process. Polyurethanes are attractive materials for flexible and 
stretchable electronics due to their outstanding elongation capacity, chemical resistance, 
thermal stability and versatility in applications [12].  Due to its wide mechanical and 
chemical properties, polyurethane finds applications in rigid and flexible substrates, 
adhesives, flame retardants, automobiles and biomedical applications [12]. These new 
TPUs still have to be tested for performance and behaviour during the printing process 
[13].   
Whilst thermoplastic conductive filaments are continuously being developed for FFF 
printers [14], the electrical conductivity of these thermoplastic composite filaments 
remain generally low compared to their bulk metal counterparts [15]. In the pursuit of 
achieving 3D printing of multifunctional materials, hybrid-AM has therefore become 




techniques [16], [17]. These include electroless plating and electroplating of 3D printed 
parts produced by stereolithography, laser sintering and FFF printers [18], [19]. Whilst 
electroplating requires a deposition of an additional metal layer on non-conductive 
surfaces, electroless plating allows metallization of 3D geometries with simpler 
equipment, reducing costs and increasing throughput [3], [20]. Therefore, post-
processing of the TPUs may open new opportunities to create a bespoke circuitry and 
interconnects onto non-conductive flexible surfaces. Circuit structuring of the flexible 
polymers can be performed by using a laser direct structuring (LDS) [21] or laser-
induced selective activation (LISA) [22]. However, these techniques frequently use 
expensive activators which include palladium [22], [23]. 
This article demonstrates the development of a direct and selective metallization method 
for TPU filaments and 3D printed TPU parts through surface treatment and electroless 
copper plating. This method does not require expensive vacuum processing, complex 
equipment and allows metallization of flexible substrates. Copper patterns could be 
formed directly on the 3D printed plastic structures with a good selectivity. Moreover, 
conductive segments could be realized on insulators, by printing multiple materials and 
plating them selectively with reduced number of steps. We study four recently 
developed TPU filaments: FilaFlex® (Recreus), SemiFlex™ (Ninjatek), PolyFlex™ 
(Polymaker) and NinjaFlex® (Ninjatek). The method involves the formation of 
photosensitive AgCl and photo-reduction of Ag ions to Ag nanoparticles (NPs) on the 
surface of the polyurethane material. These Ag NPs are shown to act as a catalysts for 
copper ion adsorption during the electroless copper plating [24]. Conductivity of the 





2. Materials and Methods 
In this study, four flexible 1.75 mm diameter TPU filaments were tested: FilaFlex® 
(Recreus), SemiFlex™ (Ninjatek), PolyFlex™ (Polymaker) and NinjaFlex® (Ninjatek). 
TPU filaments have outstanding elongation properties as shown in Table 1. A test scale 
for Shore hardness is A, which corresponds to a scale used for soft plastics in ISO 7619-
1 [25].  
 
TABLE I 
MATERIAL PROPERTIES  
































A selective metallization method was applied directly to the TPU filaments as well as to 
the 3D printed parts. Fig. 1 shows the process used to achieve a metal pattern on the 
TPU surface. 3D parts were also produced from the PolyFlex™ filament. 
 
2.1 Ag NPs Synthesis and Photo-patterning 
TPU filaments were cleaned in D.I. water using an ultrasonic bath for 2 minutes. 
Samples were then immersed into a 15 M potassium hydroxide (KOH, Fisher Scientific, 
UK) solution at 50°C for 2 hours with stirring. After rinsing with D.I. water, samples 
were immersed into 0.1 M silver nitrate (AgNO3, Fisher Scientific, UK) solution for 20 
minutes at room temperature (RT). TPU samples were then rinsed with D.I. water and 
dried. Prior to the photo-patterning step, samples were immersed into a solution of 
0.01 M potassium chloride (KCl, Fisher Scientific, UK) for 1 minute.  
Photo-patterning was performed using a 3-minute LED exposure with a high-power 
(1 W) LED at 460 nm having a light intensity of 12 W/cm2. A chromium on glass mask 
was used to selectively pattern TPU samples. The removal of the unexposed and 
unwanted Ag ions was performed through a wet etching with 18% ammonia solution 
(NH3, Fisher Scientific, UK) for 3 minutes following by 5% sulfuric acid (H2SO4, 
Fisher Scientific, UK) for 1 minute with a D.I. water rinse between each etching step. 




weakly bound to the substrate with little removal of the Ag metal [24]-[26] and, 
therefore, allowed successful selective electroless copper plating. 
 
2.2 Electroless Copper Plating 
Electroless copper solution was prepared by dissolving 6 g of copper sulfate (98%, 
Sigma Aldrich), 8 g of sodium hydroxide (98.5%, Acros Organics), and 28 g of 
potassium tartrate (99%, Fisher Scientific) into 200 ml of DI water. Before electroless 
plating, 12 mL of the concentrated solution was diluted with DI water in the ratio of 1:1 
and 2 ml of formaldehyde (37 %, Acros Organics) was added. TPU samples were 
immersed into the electroless copper bath and plated at 30 °C for 20 minutes.  
 
2.3 Characterization 
Fourier-transform infrared spectroscopy (FTIR) was obtained using a Perkin-Elmer 
Spectrum 100 FT-IR spectrometer operated in the attenuated total reflection mode. 
Optical images were obtained with a LEICA CTR 6500 microscope. Scanning electron 
microscopy (SEM) was performed with a Quanta 3-D FEG. Ag NPs and copper grains 
average sizes (diameters) were measured using the Fiji (based on ImageJ) open source 
image processing software. Resistance was measured with SIGNATONE S-1160 two-
point probe station. Sheet resistance measurement was performed on metallized 
PolyFlex™ TPU square samples (20 mm × 20 mm) using a Jandel Model RM3000 four-
point probe station (England). The conductivity was calculated as the inverse of the 
resistivity, 𝜌 which was found from the product of sheet resistance, 𝑅+ and the copper 
thickness, 𝑡: 
 
𝜌 = 𝑅+	 × 𝑡    (1) 
 
Copper thickness was measured using a Dektak3 Stylus profilometer. The quality of the 
metal plating adhesion was tested using the IPC-TM-650 scotch-tape test on the square 
samples [27]. Pressure sensitive tape was pressed across the metallized PolyFlex™ TPU 
square samples of 20 mm × 20 mm size. The tape was pulled rapidly and visually 
examined for any material removal from the specimen. The test was performed three 
times on three different samples. The percentage of the removed copper from the 




scotch-tape with the removed copper were converted to 8-bit type and segmented by 
thresholding to locate the regions of the removed copper using Fiji. Black and white (BW) 
images where evaluated in MATLAB (The MathWorks Inc.) by counting all the dark 
pixels and calculating the percentages of the removed copper. 
 
2.4 Printing of 3D Parts 
Production of 3D parts was performed using a MakerBot Replicator 2X (MakerBot 
Industries, LLC, Brooklyn, NY). The building platform was covered with a painter’s 
tape (Scotch Blue 2093EL tape, 3M) for adhesion. The thickness of the individual layer 
was set to 0.2 mm with 100 % infill. A PolyFlex™ substrate was printed with an 
extrusion temperature of 230 °C and a bed temperature of 60 °C.  
A 3D structure of a PolyFlex™ part on an ABS substrate was printed with an extrusion 




Fig. 1. Schematic steps of selective metallization of TPU material. Clockwise: 3D printing of the required 





3. Results and discussions 
3.1 Surface treatment 
The general chemical structure of the polyurethane is shown in Fig.2a, which consists of 
the hard and soft segments linked through the –NH-(C=O)-O- urethane group [28]. The 
surface of the TPU filaments is expected to be modified by the highly alkaline KOH 
solution, as demonstrated in [24], [26] by FTIR measurements of polymer substrates. 
For this reason, FTIR scans have been applied here for the four TPU filaments at 
different stages of processing, as shown in Fig. 2. Spectra of the TPU materials were 
taken for untreated samples, samples treated with KOH and samples treated with 
AgNO3. The exact chemical composition of the filament is unknown, however, it is 
known that Filaflex is a polyether-polyurethane [29]. Since the FTIR spectra in Fig. 2d-f 
are similar to the Filaflex spectrum in Fig. 2c, it is presumed that TPU filaments exhibit 
polyether-based polyurethane characteristics. Polyether-polyurethanes are highly 
resistant to hydrolysis and bacteria and, therefore, are desirable for medical applications 
[30]. However, under severe conditions such as strong alkali treatment, polyether 
polyurethane can undergo hydrolysis, which occurs at the urethane linkage [31], [32]. 
Urethane is a derivative of the amide and, therefore, undergoes the same hydrolysis 
mechanism as for amides, Fig.2b [33]. Samples treated with silver nitrate have similar 
peaks as samples after hydrolysis since potassium ions exchanged with silver ions 





Fig. 2.  a) A schematic of a polyurethane structure that consists of hard and soft segments, (b) a schematic 
for hydrolysis and ion exchange mechanism, where potassium ions are displaced with silver ions. RH and 
RS stand for functional groups of the hard and soft segments of the polyurethane, respectively. FTIR 





The absorption band at around 1725 cm-1 is due to a stretching vibration of the amide 
band (– C = O) of urethane [34]. Secondary urethanes absorb strongly at 1525 cm-1 due 
to –CNH– group vibration [35].  The vibration band at 1700 cm-1 is attributed to 
hydrogen bond between N-H and C=O groups in the hard segment [36], [37]. Esters, 
ethers and carboxylic groups absorb strongly in the range between 1300 cm-1 and 1000 
cm-1 due to C-O stretching vibrations [34]. The peak at 1725 cm-1 (amide band) that is 
present in the untreated samples is attenuated for all treated samples, indicating that the 
urethane linkage is broken due to hydrolysis [30], [38]. Moreover, peaks at 1162 cm-1 
(C-O) and 1139 cm-1 (C-O) are also attenuated, which indicates that hydrolysis may 
also take place in the various functional groups of the soft segments (e.g hydrolysis of 
esters) in the polyurethane structure [32], [38]. The complete cleavage of the above 
mentioned peaks is observed in SemiFlex™ and PolyFlex™ (Fig. 2 d, e), which suggests 
that these TPU filaments are more susceptible to alkaline attack.  
Prior to light exposure, a sensitization step was utilized to accelerate formation of Ag 
NPs during the photo-reduction step. Silver treated filaments were immersed into 
solution of 0.01 M KCl in ethanol:water (3:1) to form highly photosensitive AgCl. This 
sensitization step was successfully demonstrated and discussed in previously published 
work [24], [26].  
The distribution of NPs across a surface influences the quality of the further processing 
by electroless copper [24], [26]. The NP dispersion is a figure of merit that can 
characterize NP treatment performance and can be evaluated from SEM images of Ag 
treated surfaces [26]. Fig. 3 shows SEM images of the photo-reduced Ag NPs on TPU 
surfaces with the insets displaying the histogram plots of the Ag NPs size distribution. 
The average size of Ag NPs reduced on FilaFlex™ (label a Fig. 3) is 17 nm ± 5 nm. Ag 
NPs are monodisperse with a polydispersity index of 0.29, covering the polymer surface 
uniformly.  
The average sizes of Ag NPs formed on Semiflex™, PolyFlex™ and NinjaFlex® 
filaments (labels b, c, d in Fig. 3) are 58 nm ± 27 nm, 68 nm ± 41 nm and 38 nm ± 20 
nm, respectively. Ag NPs appear spherical in shape forming agglomerates. The 
nanoparticles have a broad size distribution with polydispersity indices of 0.47, 0.6 and 
0.52, respectively.  Ag NPs photo-reduced on PolyFlex™ are more densely packed as 
compared to nanoparticles formed on Semiflex™ and NinjaFlex®. High nanoparticle 
densities provide higher surface coverage and therefore, are favorable for uniform and 






Fig. 3. SEM micrographs showing photo-reduced Ag NPs on TPU filaments: a) FilaFlex®, b) 
SemiFlex™, c) PolyFlex™, d) NinjaFlex®. The insets show size distribution of Ag NPs. 
 
Fig. 4 shows images of the photo-reduced patterns produced on TPU filaments where 
silver ions were successfully reduced on all four TPU filaments. The photo-reduced Ag 
NPs appear yellow in color in FilaFlex®, Semiflex™and NinjaFlex® samples. The 
pattern on PolyFlex™ shows a brown color which indicates the formation of a high 
concentration of Ag NPs [39], [40]. This could be due to a more successful hydrolysis, 
which resulted in a large Ag ions density. Therefore, the pattern on PolyFlex™ is more 





Fig. 4. Images of TPU filaments after photo-reduction: a) FilaFlex®, b) SemiFlex™, c) PolyFlex™ and d) 
NinjaFlex®. The inset shows the photo-mask used during the LED exposure. 
 
3.2 Electroless Copper Metallization of TPU Filaments 
After the photo-reduction step, the TPU filaments were immersed into an electroless 
copper bath. Ag NPs act as catalytic centers for copper ions adsorption [41]. Electron 
transfer to the adsorbed copper ions on the silver seeds results in the deposition of 
copper metal on the catalytic substrate. Equation (2) shows an overall reaction for the 
electroless copper deposition with formaldehyde (HCHO) as a reducing agent [42], [43]: 
  
𝐶𝑢"! + 	2𝐻𝐶𝐻𝑂 +	4𝑂𝐻, 	→ 𝐶𝑢 +	2𝐻𝐶𝑂𝑂, +	2𝐻"𝑂 +	𝐻"    (2) 
 
The deposited copper metal then serves as a seed layer for subsequent copper ion 
adsorption and process repeats [44]. 
Fig. 5 shows SEM images of copper layers deposited onto TPU filaments and insets 
depicting the average grain size distribution. Copper layers have a granular structure 
covering TPU surfaces uniformly. The average sizes of the copper grains are 
0.6 μm ± 0.4 μm, 0.3 μm ± 0.1 μm, 0.2 μm ± 0.1 μm, 0.4 μm ± 0.1 μm for FilaFlex™, 
SemiFlex™, PolyFlex™ and NinjaFlex®, respectively. Copper layers on all samples are 
shown to have voids between the grains. These voids may form due to hydrogen release 




trapping of hydrogen gas bubbles in copper grains forming voids [46]. The copper layer 
formed on PolyFlex™ has small grains that packed more densely than other copper 
depositions. Its higher density stems from the high amount of Ag NPs in the PolyFlex™ 
polymer, see Fig. 3, which creates more sites for copper ion adsorption.  
 
 
Fig. 5. SEM micrographs showing electroless copper layer on TPU filaments: a) FilaFlex®, b) 





Fig. 6 shows images of TPU filaments after electroless copper plating. The patterns on 
FilaFlex®, SemiFlex™ and NinjaFlex® filaments are less defined than on the PolyFlex™ 
filament. The copper pattern on PolyFlex™ resulted in a better-defined structure with a 
resistance of 34 ± 9 Ω, while the resistances of the metal layers on the other filaments 
ranged in the kΩ. Therefore, PolyFlex™ was the most suitable material choice for 
selective metallization of 3D printed parts, presented in the section C.  
 
 
Fig. 6. Images of TPU filaments after electroless copper plating: a) FilaFlex®, b) SemiFlex™, c) 
PolyFlex™ and d) NinjaFlex®. The inset shows photo-mask used during the LED exposure. 
 
3.3 Selective Metallization of 3D Printed Parts 
A sheet resistance of 139.4 ± 7.2 mΩ/☐ was measured for the metallized 3D printed 
PolyFlex™ square samples, which is in agreement with previously reported values [3], 
[47]. Copper conductivity is calculated as (1.1 ± 0.1) × 107 S/m for the grown thickness 
(0.6 ± 0.1) μm, which is comparable to bulk copper values (5.9 × 107 S/m). Fig. 7 a, b 
shows optical images of the metallized PolyFlex™ square sample after a scotch-tape test 
and a tape with the removed copper. Fig.7c shows a BW binary image of the tape 
image. The black color indicates the removed copper from the surface of the metallized 
Polyflex™. The average percentage of the copper removed by the tape for the three 






Fig. 7. Images of a) the metallized PolyFlex™ after IPC-TM-650 scotch-tape test, b) tape with the 
removed copper, c) conversion of the tape image to the BW binary image. Black color indicates the 
removed copper by the scotch-tape. 
 
Fig. 8 shows images of the patterns fabricated on the 3D printed substrates made from 
the PolyFlex™ filament. The results show selective metallization where electroless 
copper plates on the catalyzed surfaces. Fig 8d shows a distribution of the measured 
feature sizes. The majority of the measured feature sizes are between 28 μm and 
36.1 μm, whereas the actual feature size on the photo-mask is 28 μm. The smallest and 
largest sizes measured were 20 μm and 64 μm, respectively which highlights that some 




Fig. 8. Images of the 3D printed PolyFlex™ substrate with features: a) after photo-patterning and b) after 
electroless copper plating, c) a feature under the optical microscope; and d) a distribution of the measured 




The metallization selectivity was further studied and Fig. 9 shows images of the photo-
patterned and copper metallized features on the Polyflex™ substrate. Fig. 9d shows the 
magnified copper patterns, in which a relatively well-defined boundary between the 
copper and the polymer is revealed. However, the resultant copper feature size 




Fig. 9. Images of a) a laboratory-made photo-mask, b) PolyFlex™ substrate with features after photo-
patterning and c) after electroless copper plating, d) a feature under the optical microscope. 
 
Conductive segments could be realized on insulators, by printing multiple materials. As 
a demonstration, Fig. 10a shows images of the 3D printed PolyFlex™ pattern onto an 
ABS substrate after the LED exposure. ABS undergoes the same treatment as 
PolyFlex™, however, due to the lack of Ag ion exchange with ABS, the etching step to 
remove unwanted silver ions is not required. Therefore, by submerging the 
photoreduced Ag-Polyflex™-ABS 3D structure into the electroless copper bath, copper 
plated selectively on the PolyFlex™ part only with a resistance 5 ± 1 Ω, leaving ABS 
unaffected, Fig. 10b. Hence, plating could be performed selectively between the two 
polymer materials.  
Fig. 10d shows a PolyFlex™ pattern printed on the ABS, which is copper plated directly 
after the silver nitrate treatment, but without a prior LED exposure. Therefore, it is 
possible to metallize PolyFlex™ on ABS directly in a more environmentally friendly 









Fig. 10. Selective metallization of a 3D printed structure of PolyFlex™ pattern printed on an ABS 
substrate: a) after LED exposure and b) after electroless copper plating. Images of PolyFlex™ pattern on 
ABS substrate plated without prior LED exposure c) initial sample and d) after electroless copper plating. 
 
3.4 Copper-plated PolyFlex™ Interconnections 
As a demonstration, copper-plated PolyFlex™ parts were adhered using a glue to a hand 
prototype, which was printed from PolyFlex™ filament, and acted as interconnections 
between a motor and a motor driving circuit (label a, b Fig. 11). The wires from the 
motor driving circuit were connected with the PolyFlex™ interconnects by scotch tape. 
Arduino Nano 3.0 (ATmega328) microcontroller is used to control the rotation of the 
DC motor (Q4SL2BQ280001), which is connected to a finger of the hand. The pulse 
width modulation (PWM) feature of the microcontroller is used to regulate the motor 
speed. Furthermore, a totem pole structure using PMF370XN N-channel MOSFET is 
adopted to control the bidirectional rotation of the DC motor. Therefore, when the 
motor rotates upwards it drives the finger in the same direction and, when the motor 
rotates downwards it will then drive the finger down. Fig. 11 c, d shows the movement 
of the finger in upward and downward directions as a result of the motor rotation. 
Therefore, with this demonstration, copper-plated PolyFlex™ parts are proved to 






Fig. 11. A hand demonstrator with the copper-plated PolyFlex™ interconnects connecting a motor 
attached to a finger with a motor driver circuit: a) schematic of the motor driver circuit, b) a set-up of the 
printed hand with a motor connected through copper-plated PolyFlex™ interconnections, c) motor rotates 






4. Conclusion     
Four flexible TPU filaments were selectively metallized using a novel electroless 
copper metallization method. This method allows the fabrication of conductive patterns 
onto 3D printed flexible substrates. Furthermore, it is possible to fabricate conductive 
segments on non-conductive substrates by direct electroless plating of the 3D printed 
structure by submerging the whole structure at once. The electroless copper displayed a 
sheet resistance of (139.4 ± 7.2) mΩ/☐ and a conductivity of (1.1 ± 0.1) × 107 S/m 
which is comparable to bulk values. This work could be further improved by obtaining 
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3D Printed Electronics using Modified Photosensitive Resin 
and Direct Metallization 
“To master a new technology, you have to play with it.” 
- Jordan B. Peterson 
 
This chapter is devoted to describing the work on 3D printed electronics that were 
fabricated from the modified photosensitive resin and subsequent copper metallization. 
Section 6.1 contains an introduction and objectives. Afterwards, section 6.2 includes 
experimental procedures and equipment employed to fulfill the objectives of the 
research. Additionally, section 6.3 involves the results and discussion of the findings. 
Finally, section 6.4 draws the main conclusions of the work.  
6.1 Introduction 
The fourth industrial revolution i.e. industry 4.0, is transforming the way products are 
designed and manufactured [1]. This development relies highly on advanced techniques 
such as additive manufacturing (AM) to produce wearables, sensors and robotics that 
are easy to prototype [1].  AM or 3D printing truly integrates the digital and physical 
worlds by allowing digital designs to be customized, developed and fabricated. AM has 
been growing rapidly. It has reached a compounded annual growth rate of 31% over the 
last five years. By 2025, it is predicted to have a market size of 1$ billion [2].  
AM includes technologies such as fused filament fabrication (FFF), inkjet printing, 
digital light processing (DLP) and stereolithography (SLA) [3]. These techniques allow 
for the fabrication of 3D designed objects from various materials including conductors 
and insulators. Metallization of plastic has recently become popular due to it having 
advantages such as being lightweight, flexible to design and inexpensive to manufacture 
[4].  Metallized plastic is employed in aviation, aerospace, automotive, electronics and 
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electrical sectors [5]. Moreover, it is used for various decorative purposes and in the 
production of commodities [6].  
DLP is an attractive bottom-up approach to fabricate 3D plastic objects. In this 
technology, an ultraviolet (UV) light converts a single layer of a photosensitive resin 
into a solid through a curing process [7]. DLP has a much higher efficiency compared to 
FFF printers since the total building time does not increase with the growth of the 
number of objects on the building plate. In addition, changing the resin composition 
enables a customization of the resin properties advancing characteristics of the final 
objects [7]. For instance, metallic fillers, carbon nanotubes, graphene oxides can be 
introduced into the photosensitive resin to improve electrical properties [8].  However, 
the conductivity of the resultant modified photosensitive resin remains low as, for 
example, reported in [9], [10]. Metallization of the stereolithographic photo-curable 
resin using electroless copper is also available, however, it requires multiple 
pretreatment steps before the copper plating [11].  
In this work, a novel approach to metallize lightweight printed plastic parts is proposed. 
Specifically, the photosensitive resin was mixed with silver salt (AgClO4) and 
polymerized with UV irradiation using a commercially available DLP printer. It was 
subsequently metallized with electroless copper as shown in Figure 6.1a. For a 
comparison with the proposed method, 3D printed parts were treated with palladium 
chloride (PdCl2) and copper plated (Figure 6.1b). This method does not use any 
reducing agent, e.g. sodium borohydride since electroless plating functions well with 
the palladium ions as catalysts. The resultant copper thickness, electrical properties and 
metal adhesion were compared with the copper properties grown on the silver modified 
printed parts. The plating of the silver modified printed parts has significantly reduced 
the number of processing steps, yielding conductivity comparable to bulk copper. 
Moreover, selective metallization has been achieved by interchanging a silver modified 
resin with unmodified resin during the 3D printing and plating the respective parts with 






Figure 6.1: Schematic illustration of two different processes to metallize the printed parts: a) AgClO4 as 
seeding sites for electroless copper plating that involves mixing AgClO4 silver salt with the 
photosensitive resin, printing the modified resin with a DLP printer and electroless plating the printed 
part and, b) Pd(II) as seeding sites for electroless copper plating that include printing the unmodified resin 
with the DLP printer, treating the printed part with KOH and immersing it into the PdCl2 salt prior to the 
electroless copper plating. 
 
6.1.1 Objectives 
The main objective of this study was to develop a direct metallization method of 3D 
printed plastic. It was investigated how much silver salt is required to achieve a good 
quality of copper layer on the printed plastic part. Several key questions were addressed 
such as 1) is electrical conductivity of the electroless copper comparable to bulk 
copper? 2) is the adhesion between the copper layer and the substrate strong, and does it 




6.2 Experimental procedures 
All samples were printed using a Photocentric UV hard resin (BR3DCL01-UV-HARD) 
colorless for DLP printers. An Anycubic® Photon UV Resin LCD 3D printer was used 
for printing. The layer thickness was set to 50 μm, the normal exposure time for 
unmodified resin was set to 15 s, off time was 3 s, the bottom exposure time was set to 
50 s with 8 bottom layers.  
Pd ions seeding 
Samples having a size of 15 mm × 15 mm were immersed into 95% sulfuric acid 
(H2SO4, Fisher Scientific, UK) for 30 s for degreasing and then rinsed with DI water. 
Samples were then immersed into a 15 M potassium hydroxide (KOH, Fisher Scientific, 
UK) solution at 50°C for 20 min while stirring. After rinsing, samples were treated with 
0.1 M PdCl2 (59 %, Acros Organics) for 20 min at room temperature.  
Ag ions seeding 
Silver perchlorate (AgClO4, Sigma Aldrich, 97%) was mixed with the photocurable 
resin in the desired concentrations. The concentration of AgClO4 was varied between 
1% wt., 2% wt., 4% wt., and 6% wt. After printing, samples (15 mm × 15 mm size) 
were additionally cured in the UV crosslinker for 5 minutes to strengthen bonding.  
Electroless copper 
An electroless copper bath was prepared by dissolving 6 g of copper sulfate (98%, 
Sigma Aldrich), 8 g of sodium hydroxide (98.5%, Acros Organics), and 28 g of 
potassium tartrate (99%, Fisher Scientific) into 200 ml of DI water. Before electroless 
plating, 12 mL of the concentrated solution was diluted with DI water in the ratio of 1:1 
and 2 ml of formaldehyde (37 %, Acros Organics) was added. Electroless copper 
plating was performed at 30 °C. 
Electrodeposition 
An electrodeposition set-up consists of a plating bath, a DC power supply, two 
electrodes and a pure copper sheet as a copper ions source. The plating solution consists 
of 125 mL of DI water, 15 g of copper sulfate (98%, Sigma Aldrich) and 10 mL sulfuric 
acid (95%, Fisher Scientific, UK). The electroplating cell consists of two electrodes, an 
electrolyte and an external current source, as shown in Figure 6.2.  Electroless copper 
plated samples were connected to the negative electrode and a pure copper sheet was 
connected to the positive electrode. Plating was performed at room temperature with the 





Figure 6.2:  Electroplating set-up. In the experiments, a negative terminal (cathode) is connected to the 
sample and a positive terminal (anode) is connected to the copper source. 
 
During the copper plating, copper is transferred from the anode source to the cathode. 
Thus, in the acidic solution copper is oxidized at the anode to Cu2+ by losing two 
electrons. The Cu2+ associates with the anion SO'", in the solution, forming copper(II) 
sulphate. At the cathode, the Cu2+ is reduced to metallic copper by gaining two 
electrons. As a result, a copper layer is formed on the electroless plated resin. The half 
reactions that take place at the anode and cathode are the following: 
 










Sheet resistance measurement was performed on square samples (15 mm × 15 mm) 
using the Jandel Model RM3000 four-point probe station (England). Conductivity was 
calculated as an inverse of the resistivity, ρ. Resistivity was calculated from the 
measured sheet resistance, 𝑅+ and copper thickness,	𝑡 using the following formula: 
 
 𝜌 = 𝑅+ × 𝑡 (6.3) 
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Electroless copper thickness was studied and measured through a LEICA CTR 6500 
optical microscope. Samples were immersed vertically into the mold container and a 
transparent acrylic mounting compound acri-kleer was poured in. The acrylic compound 
was prepared by mixing acri-kleer cold mounting powder (MetPrep Ltd.) and acri-kleer 
(MetPrep Ltd.) cold mounting liquid in a 2:1 ratio. The mixture was left to cure for 30 
minutes. The hardened polymer with samples was machined and polished for a viewing 
of the mounted samples under the optical microscope. Figure 6.3a, b, c shows the 
sample preparation steps and Figure 6.3d shows an optical image of the electroless 




Figure 6.3: Sample preparation to measure copper thickness: a) samples were mounted into the mold, b) 
an acrylic compound cured with the samples mounted inside it, c) hardened polymer with samples after 
machining and polishing, d) an optical image of the electroless plated sample embedded into the acrylic 
polymer. The sample was fabricated using unmodified resin treated with PdCl2. 
 
The electroplated copper thickness was measured using the Dektak3 Stylus profilometer. 
IPC-TM-650 scotch tape test [12] was performed on the copper films plated for 8 min. 
Scotch tape was used to analyze the adhesion strength between the copper film and the 
substrate. The pressure sensitive tape was pressed across the square samples of 
1.5 cm ×1.5 cm and pulled rapidly at the right angle to the test area. The percentage of 
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the removed copper was analyzed digitally using a previously reported method [13]. 
The images of the tape with the peeled-off copper were converted to 8-bit type and 
segmented by thresholding to locate the regions of the removed copper using Fiji. Black 
and white (BW) images were assessed in MATLAB (The MathWorks Inc.) by counting 
all the dark pixels and estimating the percentage of peeled copper. 
 
6.3 Results and Discussions 
In the electroless or autocatalytic deposition, copper ions contained in the copper plating 
bath are reduced in the presence of a catalyst and deposited on the surface of the 
substrate [14]. A catalyst is a metal deposited on the surface of a non-conductive 
substrate. Catalysts, therefore, play a major role in electroless plating, as reduction 
reaction occurs only in the presence of the catalytic seeds [14].  
6.3.1 Modification of the Photocentric UV hard photosensitive resin 
Silver perchlorate, AgClO4, is a useful source of Ag+  due to its great solubility both in 
organic solvents and water. Figure 6.4 shows the printed square samples where the resin 
was mixed with the different silver salt weight (wt.) prior to the printing, and an image 
of the printed unmodified resin that was treated with the palladium salt after printing. 
The square parts printed with the modified resin became more yellow with the increased 
weight of added silver salt. The square sample printed with the unmodified resin and 
treated with the palladium salt, on the other hand, appears brown. The Ag+ ions 
embedded into the resin matrix serve as seeding sites for the adsorption of copper ions 
during the immersion of these samples into the electroless copper bath [15]. Meanwhile, 
the Pd+  ions that are bound on the surface of the photopolymer act as catalytic sites for 
copper ions adsorption during the plating stage.  
Dispersing silver salt in the resin changes its optical properties from clear to slightly 
opaque, influencing its transmittance properties [7]. Therefore, structures with 2% wt. 
AgClO4 and 4% wt. AgClO4 were printed with an increased exposure time of 20 s and 






Figure 6.4: The images of the square parts printed from the photosensitive resin mixed with AgClO4 silver 




6.3.2 Electroless copper deposition 
Once samples are immersed into the copper bath, the copper ions will start to adsorb on 
the surface of the silver or palladium catalysts sites. After some time, more copper will 
be deposited and form a continuous layer [16]. The concentration of the seed catalytic 
sites inside the photopolymer influences the adsorption rate of the copper ions during 
the plating [15]. A high reaction rate may result in the formation of a dark rough copper 
with low porous quality [17]. As a consequence, it is important to identify the favorable 
concentration of the AgClO4 inside the photopolymer to form a high quality copper 
film. The resin that mixed with 1% wt. AgClO4 has a slow reaction rate and was not 
fully covered with electroless copper after 8 min of plating (Figure 6.5). On the other 
hand, the resin mixed with 6% wt. AgClO4 shows a fast uncontrollable deposition rate. 
This resulted in a dark brittle copper with low quality as shown in Figure 6.5b.  Finally, 
2% wt. AgClO4 and 4% wt. AgClO4 resulted in a well deposited electroless copper film 
on the photopolymer within 8 min of plating time (Figure 6.5d, e). Additionally, Pd(II) 
treated unmodified photopolymer was also well plated by the electroless copper 




Figure 6.5: The images of the square printed samples modified with Ag and Pd salts before and after 
electroless copper plating at different plating times a) 1% wt. AgClO4, plated for 8 min, b) 6% wt. 
AgClO4, plated for 2 min and c) Pd(II) treated unmodified photopolymer plated for 8 min, d) 2% wt. 
AgClO4,, plated for 8 min, and e) 4% wt. AgClO4,, plated for 8 min. 
 
The adhesion strength of the metallic film to the polymer substrate is critical to its 
durability function. Figure 6.6 shows the results of the scotch-tape test. The percentage 
of the copper delamination resulted in 0.07%, 0.68% and 0.11% for copper fabricated 
with 2% wt. AgClO4, 4% wt. AgClO4 and Pd(II) catalytic seeds, respectively. The 
metallic films have a fairly good adhesion, as a small amount of the copper coating was 





Figure 6.6: Scotch-tape tests: a) copper film prepared with 2% wt. AgClO4, b) copper film fabricated with 
4 % wt. AgClO4, and c) copper film grown on the Pd(II) treated substrate.  
 
 
6.3.3 Study of the copper thickness and electrical properties 
Figure 6.7a shows an optical image of the copper film mounted into the acrylic 
mounting compounds. Figure 6.7b displays the electroless copper thickness as a 
function of the plating time. Copper thickness grows linearly with the immersion time. 
Copper plating was stopped at 8 min after the start of bath aging. Copper thickness 
grown on the Pd(II) seeds reached 12.2 ± 0.9 μm after 8 min of plating. Copper films 
grown with embedded 2% wt. AgClO4 and 4% wt. AgClO4 seeds on the other hand 
reached 5.7 ± 1.2 μm and 7.7 ± 1.3 μm, respectively. The concentration of the catalytic 
seeds influences the rate of the copper adsorption, as more densely packed metal 
catalysts seeds create more sites for copper ion deposition [15]. Moreover, copper 
thickness for samples pretreated with the palladium salt have a higher copper thickness. 
Palladium ions deposited on the surface of the substrate may have higher surface 
coverage compared to the silver ions that are embedded into the resin. This yields a 






Figure 6.7: a) An optical image of the electroless plated sample embedded into the acrylic polymer, b) 
electroless copper thickness as a function of the plating time.  
 
Figure 6.8 shows the conductivity of electroless copper versus its plating time. The 
former grows with the copper thickness and reaches (0.74 ± 0.06) ×107 S/m, 
(0.29 ± 0.05) ×107 S/m and (0.008 ± 0.001) ×107 S/m for copper prepared with Pd(II), 
4% wt. AgClO4 and 2% wt. AgClO4 catalytic seeds, respectively. Measured electroless 




Figure 6.8: Conductivity of electroless copper as a function of plating time for copper film fabricated with 
Pd(II), 2% wt. AgClO4 and 4% wt. AgClO4 catalytic seeds. 
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Copper films fabricated with Pd(II) and with 4% wt. AgClO4 seeds were further 
electroplated to increase the copper thickness. The initial electroless copper thicknesses 
were 12.2 ± 0.9 μm and 7.7 ± 1.3 μm for copper prepared with Pd(II) and 
4% wt. AgClO4 catalytic seeds, respectively.  Figure 6.9 shows thickness of the 
electroplated copper as a function of its plating time. All samples were electroplated 
with a current of 44 mA, resulting in a current density of 15 mA/cm2. After 90 minutes 
of electroplating, copper film grew additionally to 11.4 ± 0.3 μm and to 10.6 ± 0.6 μm 
for samples fabricated with Pd(II) and 4% wt. AgClO4 seeds, respectively. However, 
the thickness measurements of the electroplated copper could benefit from using the 
same method as for electroless copper, i.e. to embed samples into the acrylic compound 
and measure thickness using the optical microscope. This will allow for more accurate 
measurements of the electroplated copper thickness. 
 
 
Figure 6.9: Electroplated copper thickness versus plating time for copper fabricated with Pd(II) and 4 % 
wt. AgClO4 catalytic seeds. 
 
Figure 6.10 shows the photographs of the samples after the electroless and 
electroplating steps. Electroplated copper deposits on the electroless copper uniformly 
and covers the whole area. The imperfections that are present on the samples with the 






Figure 6.10: A photosensitive resin with a layer of electroless and electroplated copper a) a sample treated 
with palladium salt after printing and b) a sample printed with 4% wt. AgClO4 (the scratch to the right 
edge of the electroplated copper was introduced during the sample collection from the wet bath). The size 
of the sample is 15 mm × 15 mm. 
	
6.3.4 Metallization of 3D printed complex structures 
3D complex structures were printed with single and multiple materials, as illustrated in 
Figure 6.11. Selective printing was performed by pausing the printing, exchanging a vat 
with the unmodified resin to the vat with the modified resin and resuming the printing. 
The Pd(II) treated spool adapter structure is shown in Figure 6.11a. A gear structure 
printed with the resin modified with 2% wt. AgClO4 is illustrated in Figure  
6.11b and a knob structure modified with 4% wt. AgClO4 in Figure 6.11c.  
Figure 6.11d, e and f show the samples that were printed with multiple resins and plated 
selectively. The final sizes of the 3D objects are in the agreement with CAD models. 
During the printing of a complex structure with multiple materials such as unmodified 
resin and silver-modified resin, cross-contaminations may occur. This affects the further 
selectivity in the metallization. The contamination may come after the printing has 
stopped and printed objects are collected from the building plate. Liquid silver-modified 
resin can, for instance, drop onto the underlying substrate that printed from the pristine 
resin. If a sample is immersed into the plating bath without removing the contamination, 
it will lead to non-selective plating. It is consequently vital to rinse the sample 
thoroughly with alcohol and dip it for a few seconds into 5% H2SO4 to degrease it 





Figure 6.11: Different types of 3D printed structures printed according to CAD models: a) a spool adapter 
printed with unmodified photopolymer, treated with PdCl2 and electroless plated, b) a gear printed with 
2% wt. AgClO4 modified photopolymer, c) a knob printed with 4% wt. AgClO4 modified resin. Selective 
printing and metallization: d) a Lego, substrate - unmodified resin, circles - 4% wt. AgClO4 modified 
resin, e) a coil, substrate - unmodified resin and a spiral - 4% wt. AgClO4 modified resin, the width of the 
spiral is 1.4 mm, and f) 2% wt. AgClO4 modified resin interconnects on the unmodified resin substrate. 





6.3.5 Temperature sensor demonstrator 
As a demonstration of the metallization of the modified resin, a temperature sensor was 
connected to the printed interconnections. They were printed with the resin modified 
with 4 % wt. AgClO4, then electroless plated and electroplated for 10 min 
(Figure 6.12a).  
 
 
Figure 6.12: The fabrication of interconnections: a) interconnects printed from the modified resin on the 
unmodified resin, interconnects were selectively plated with electroless copper. Electroless copper 
interconnects were then electroplated. Temperature sensor realization: b) a schematic of the temperature 
sensor circuit, c) the temperature sensor and microcontroller were soldered to the copper interconnects. 
Temperature sensor response: d) temperature was recorded every second. The heat was applied and 
removed. Water was dropped onto the sensor, which led to a decrease in temperature. The water drop was 
dried afterwards and the temperature returned to room temperature. 
 
The size of the substrate is 35.5 mm by 22.0 mm and the width of the interconnects is 
2.0 mm.  The circuit consists of the Arduino Nano 3.0 (ATmega328) microcontroller, 
DS18B20 sensor and 4.7 kΩ resistor as shown in Figure 6.12b. Figure 6.12c shows the 
microcontroller and sensor soldered to the fabricated interconnects. The hot tip of the 
soldering iron pen was manually brought near the sensor for around a minute to increase 
the sensing temperature (Figure 6.12d). Once the tip of the soldering iron pen was 
removed, the temperature went back to room temperature, i.e. 24 °C. The motion was 
repeated three times. Afterwards a water bead was dropped onto the sensor and the 
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temperature decreased to approximately 22 °C. The water drop was dried after one and 
half minute and the temperature returned to 24 °C. 
6.4 Conclusions 
This chapter contributes to one of the main objectives of the thesis, i.e. to directly 
metallize 3D plastic objects that have good selectivity, electrical conductivity and 
metal-to-plastic adhesion. In this work, it was demonstrated that a DLP 3D printer has 
the ability to produce complex structures from a modified photosensitive resin. A direct 
metallization of the silver- and palladium-modified Photocentric UV hard resin was 
performed using electroless copper. The proposed method allows the production of 3D 
complex objects with electrical properties comparable to bulk copper. An additional 
electrodeposition step was applied to increase the overall copper thickness. Electroless 
copper films have a strong adhesion to the substrate. This fabrication approach is fast 
and cost effective. It is a competitive alternative for producing metallized plastics for 
the electronics market.  This work steps out from the usage of microfabrication facilities 
and extends into the usage of the newly developed additive manufacturing solutions. 
Therefore, this chapter adds up to the previous chapters expanding into the investigating 
of new ways of electronics production that resonates with the modern fabrication 
techniques. 
This research is of benefit to those interested in research on metallized plastic. It has 
proved that it is possible to directly metallize the modified photosensitive resin. 
Utilization of newly created materials and metallization methods are implemented to 
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PEI/Ag as an optical gas nano-sensor for intelligent food 
packaging  
 
“What are the strange particles? […] Can the physicists do something about the third problem of 
chemistry—namely, synthesis? Is there a physical way to synthesize any chemical substance?” 
- Richard P. Feynman, 
Plenty of Room at the Bottom, Dec. 1959 
 
 
The purpose of this chapter is to introduce the work on fabricating a new PEI/Ag 
composite material and its employment for a sensor application. Section 7.1 includes a 
summary of “PEI/Ag as an optical gas nano-sensor for intelligent food packaging” 
presented at the 18th IEEE International Conference on Nanotechnology held in Cork, 
Ireland. It covers an introduction, objectives, findings and conclusions of the 
proceeding. Afterwards, section 7.2 is devoted to explaining additional knowledge and 
results. Finally, sections 7.3 and 7.4 discuss the contribution of the proceeding to the 
thesis and its impact on literature and research overall. 
 
7.1 Introduction  
Polyetherimide (PEI) is a biocompatible and chemically inert plastic with good 
mechanical properties. It is widely applied in 3D printing. In this work, a new PEI/Ag 
composite material was developed and investigated for its application as a sensing 
surface. This was achieved using PEI substrates having their surface treated with a 
highly alkaline KOH solution, before they were immersed into a silver nitrate solution. 
PEI substrates with silver ions were employed as a sensing surface for the detection of 
2- mercaptoethanol (2-ME).  
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The developed PEI/Ag composite was eventually tested as an optical gas sensor for 
intelligent food packaging i.e. a type of packaging that has an embedded sensor to 
monitor the quality of the product [1]. 
The proposed PEI/Ag sensor is able to detect sulfur containing compounds such as 
methyl mercaptan (CH3SH), dimethyl sulfide ((CH3)2S),  dimethyl disulfide 
(CH3SSCH3), and hydrogen sulfide (H2S), that are released by spoilt meat and fish [2]. 
UV-vis spectroscopy was used as a characterization method to monitor the color change 
of the Ag nanoparticles on PEI substrates. The amount of sulfur containing compounds 
and various biogenic amines released by the spoilt meat reflects its freshness. The 
developed sensor was tested as a proof of concept against the gases released by chicken, 
turkey, beef and salmon.  
 
7.1.1 Objectives 
This work is aimed to study the reactivity of the silver-treated PEI substrates and their 
capability to serve as an optical sensor for monitoring the freshness of meat and fish. A 
proof of concept demonstrator of the fabricated optical gas sensor was further tested in 
the real-world environment to study its performance to sense changes in freshness.  
7.1.2 Findings 
PEI/Ag was tested as a sensor for 2-ME in vapor. 2-ME is a chemical compound that 
gives the unpleasant odor of rotten fish due to the presence of the thiol (-SH) group. 
Once the PEI substrates with the adsorbed silver ions are exposed to 2-ME, the 
organothiols can reduce silver ions to Ag nanoparticles. The films then change color 
from transparent to yellow-brown once exposed to the 2-ME vapor. The UV-vis 
absorbance response of the PEI/Ag sensor for different time of exposure and 2-ME 
concentrations were measured. It was found that the intensity increases with longer 
exposure time for both 2-ME concentrations.  
 
The binding kinetics were analyzed from real-time absorbance data.  A net binding 
reaction rate mainly depends on the amount of available binding sites on the PEI/Ag 
substrate and the concentration of the 2-ME analyte. The reaction rate changes as the 
concentration of the 2-ME increases in the flask tube, while the number of binding sites 
on the substrate decrease leading to saturation. The peak intensity at 450 nm is taken as 
a response of the PEI/Ag to 2-ME concentration change. The curves for 0.01 M- and 
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0.005 M- 2-ME concentrations that describe an increase of the absorbance intensity as a 
function of the exposed time were produced. It was found that the absorption of 2-ME 
onto binding sites of PEI/Ag starts rapidly and then slows down when reaching 
saturation. This implies that there are not enough binding sites left for the reaction to 
proceed.  
A real-time monitoring of the meat and fish freshness was studied. Meat and fish release 
various volatile compounds once they get spoilt, such as S-containing compounds and 
various biogenic amines. This release leads to unpleasant odors. A colorimetric 
response of a PEI/Ag sensor exposed to raw meat and fish for 20, 40, 60 and 80 hours 
was monitored. There was no color change observed if the PEI/Ag substrate was not 
exposed to the vapors. 
The vapors released by spoiling salmon, chicken and turkey were detected by color 
change of the PEI/Ag sensor after 20 hours of exposure. The PEI/Ag sensor exposed to 
a beef sample changed its color after 60 hours of exposure.  
UV-vis spectroscopy correlates to the colorimetric response of the PEI/Ag sensor. The 
intensity of the absorbance peaks at 400-500 nm increases as the color of the PEI/Ag 
sensor changes for all the tested samples. 
7.1.3 Conclusions 
A PEI/Ag optical gas sensor was developed for food freshness monitoring. UV-vis 
absorbance spectroscopy was used as a detection method. The resultant PEI/Ag optical 
sensor was also tested in a real-world environment by exposing it to raw meat and fish 
samples such as beef, chicken, turkey and salmon.  
The PEI/Ag sensor has a good colorimetric response after 20 hours of exposure for 
salmon, chicken and turkey, while after 60 hours for beef.  
The developed sensor has the potential to be implemented in the monitoring of the 
freshness of meat and fish and can be embedded into the food packaging.  
7.2 Additional knowledge and results 
PEI substrates were treated with 15 M KOH for 20 minutes at 50 °C, after which they 
were immersed into 0.1 M AgNO3 for 20 minutes, as shown in Figure 7.1. The 
modified surface of the PEI sheets served as a sensor surface for detecting S-containing 





Figure 7.1: Preparation of the PEI/Ag optical gas sensor that consists of hydrolysis and ion exchange 
surface treatment steps. 
The interaction of the PEI/Ag with the thiols could lead to the reduction of the silver 
ions to silver nanoparticles. This is due to that silver ions are likely to react with thiols 
forming RS-Ag intermediates before the formation of silver nanoparticles [3]. 
7.3 Contribution to thesis 
	
This work applied an alkaline surface treatment and an ion exchange technique 
developed by Marques-Hueso et al. [4] and explored a new application of surface 
modified PEI as a sensor for food packaging. The developed surface treatment method 
of the PEI substrates in [4] was in other words used and extended to investigating the 
reactivity of the treated-PEI substrate to S-containing compounds.  
This publication was the first work performed in the fulfillment of this doctorate 
research. For this reason, it served as a good basis for the understanding and exploring 
of the PEI chemistry and its surface treatment technique. This work also dealt with the 
synthesis of silver nanoparticles by reducing silver ions to nanoparticles when exposed 
to 2-ME. The knowledge gained from this and examining their optical characteristics 
gave a solid foundation for further use of silver nanoparticles for catalytic applications.  
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7.4 Impact on literature and research 
The proposed optical sensor measured gaseous analyte and enabled remote monitoring 
of meat and fish freshness. It is compatible with a simple optical measuring device, 
showing satisfactory colorimetric response. The utilization of the 3D printable and 
flexible PEI substrate enables the printing of different designs and geometries. 
Moreover, PEI is a recyclable and biocompatible material.  
As previously mentioned, this work therefore contributes to the ongoing research on 
intelligent food packaging. The sensor it proposes yields an output that is readable by 
the eye of a person. It is irrefutable that emerging 3D printable materials like PEI that 
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In this work we report research carried out on the manufacturing of an optical sensor 
based on polyetherimide (PEI) and Ag nanoparticles (NPs) for food packaging and food 
freshness control applications. PEI/Ag films were fabricated and tested as optical 
sensors by exposing them to 0.01 M and 0.005 M of 2-mercaptoethanol (2-ME). Thiol 
groups of 2-ME react on the surface of the sample and reduce the silver ions to Ag NPs, 
which lead to the change of color. The real-time measurement of meat freshness was 
performed for salmon, chicken, turkey and beef. The colorimetric and UV-vis 
absorbance responses were measured over duration of 80 hours. The PEI/Ag sensor 
shows a good response to the released gases by meat. Moreover, salmon, chicken and 
turkey are shown to produce color changes of PEI/Ag films after 20 hours of exposure, 
and beef after 60 hours of exposure. Therefore, this nano-sensor has a potential to serve 




Food safety is an emerging field that has received great attention due to increased public 
demands for health, safety and food quality [1]. Intelligent food packaging is a solution 
that not only addresses food and storage quality, but also has the potential to reduce 
food waste. This type of packaging has a built-in sensor to monitor the safety of the 
product and inform the customers about the quality of the product [2]. In this work, PEI 
substrates were treated by silver ion exchange, which serve as a sensing surface for 
detection of 2- ME in vapor. PEI is a chemically inert plastic with excellent mechanical 
properties, which is widely used in 3-D printing by Fused Deposition Modeling and 
known under the name of ULTEM® [3]. Ag NPs have specific absorption wavelength 
and different colors in the visible range that could be used as a detection technique for 
an optical colorimetric sensor. For the characterization of color change, it is proposed to 
employ portable UV-vis spectroscopy. UV-vis spectroscopy nano-sensors have received 
much attention due to their low cost, simple experimental set-up, portability, and direct 
analysis of the substrates from color changes [4]. The proposed PEI/Ag sensor is able to 
detect sulfur containing compounds, such as methyl mercaptan (CH3SH), dimethyl 
sulfide ((CH3)2S), dimethyl disulfide (CH3SSCH3), and hydrogen sulfide (H2S), that are 
released by spoiled meat, fish, milk and wine [5]. Therefore, volatile biogenic sulfides 
are the biomarkers, by which rotten meat can be identified. The amount of the sulfur 
containing compounds reflects freshness of the meat. The proposed sensor was tested as 
a proof of concept against the released gases from raw meat of chicken, turkey, beef, 
and salmon.  
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2. Materials and methods  
2.1 Materials  
PEI sheets (75 μm thick grade 1000B ULTEM®) were purchased from Cadillac Plastics, 
U.K. The 2-ME solution was purchased from Sigma Aldrich, U.K., and the rest of the 
chemicals were obtained from Fisher Scientific, U.K. The materials for sensor tests of 
salmon, chicken, turkey and beef were purchased from the local grocery store (Aldi™).  
2.2. Methods  
Silver-treated PEI substrates were prepared according to our earlier reported method in 
[6]. PEI sheets were cleaned with isopropanol prior to use and treated with 15 M KOH 
for 20 minutes with stirring at 50 °C. The substrates were washed with de-ionized (D.I.) 
water for 2 minutes on each side and immersed into 0.1 M AgNO3 for 20 minutes. After 
silver nitrate treatment, substrates were rinsed with D.I. water and dried. The modified 
surface of the PEI sheets serves as a sensor surface for the detection of 2-ME in vapor. 
Two concentrations of 2-ME were studied which are 0.01 M and 0.005 M. The set-up 
consists of a flask tube, filled with the 2- ME solution, as shown in Fig.1. The PEI/Ag 
sensor was inserted into a plastic tube and closed with a lid, while reacting with the 
vapors that are released by highly volatile 2- ME. The tubes were covered with 
aluminium foil to avoid the silver ions reduction under the ambient light. The reduction 
of silver ions and the formation of Ag NPs due to 2-ME binding were studied by 
measuring the optical absorbance using a portable DR 2800 spectrophotometer. This 
portable spectrophotometer takes up to four absorbance measurements in less than five 
seconds. The experimental set-up for monitoring meat freshness consists of the 
disposable plastic tube, shielded from the ambient light and loaded with the pieces of 
meat and, the sensor that is attached to a lid. The change of the color and absorbance 
responses of PEI/Ag sensor exposed to raw meat were checked every 20, 40, 60 and 80 






3. Results and Discussion 
3.1. PEI/Ag as a sensor for 2-ME in vapour  
2-ME is a chemical compound having an unpleasant odor of rotten fish due to the 
presence of thiol (-SH) organosulfur compound. Thiol has been long known for good 
chemisorption on the surface of metallic NPs such as silver and gold, forming stable 
metal-sulfur bonds [7], [8]. 
During the immersion of PEI into alkaline solution, the O=C-N-C=O imide ring opens 
up allowing the adsorption of potassium ions. The following immersion of modified 
PEI to a silver nitrite solution results in the exchange of the potassium ions to silver ions 
[6]. When the PEI substrate with adsorbed silver ions is exposed to 2-ME, the 
organothiols can reduce silver ions to Ag NPs [9]. The change of the color of the 
PEI/Ag film and absorbance were monitored and recorded for three hours. The film 
changed color from transparent to yellow-brown once exposed to the 2-ME vapor. 
Fig. 2 shows the UV-vis absorbance responses of PEI/Ag sensor exposed to 0.01 M and 
0.005 M of 2-ME.  
 
Fig. 1- A schematic of the sensor set up showing (a) a flask tube with PEI/Ag film exposed to 2-ME 
vapours, (b) chemisorption of thiols to Ag+ prepared on PEI film, (c) a portable spectrophotometer, (d) 
absorbance results; (e) a photograph of the colour change of PEI/Ag film from transparent to yellow-brown 
after 2-ME exposure.  
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Fig. 2 –UV-vis absorbance response of the PEI/Ag sensor for different time of exposure and 2-ME 
concentrations (a) 0.01M, and (b) 0.005 M.  
 
We suggest that the thiol-silver interaction has led to the reduction of Ag+ to Ag NPs, 
which corresponds to the change of the absorbance intensity. The absorbance that 
occurs at lower than 400 nm is due to the PEI polymer [6]. For both 2-ME 
concentrations, the absorbance intensity increases with longer exposure times at the 
tested wavelengths. Since the absorbance of the solute depends on its concentration 
[10], [11] it implies that the Ag NPs concentration on the PEI substrate increases as Ag 
NPs react with the 2-ME molecules. The concentration of the formed Ag NPs on the 
PEI substrate reaches its maximum when the absorbance intensity plateaus with 
increasing exposure time. Therefore, the maximum Ag NPs concentration occurs after 
30 minutes of exposure to 0.01 M of 2-ME and after 180 minutes for 0.005 M 2-ME.  
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The absorbance intensity increases for all tested wavelengths, indicating thereby the 
presence of rather a broad absorption band spectrum, due to a broad NP size distribution 
and the presence of large particles (> 100 nm) [10], [12]. NP size distribution could also 
be analyzed from the color change of the PEI/Ag once it reacted with 2-ME. The color 
of the optical sensor changes from light yellow to dark brown as exposure time 
propagates. Therefore, as color gets darker, the concentration of Ag NPs increases [13].  
The binding kinetics could be analyzed from the real-time absorbance data. A net 
binding reaction rate mainly depends on the amount of available binding sites on the 
PEI/Ag substrate and concentration of the 2-ME analyte. Therefore, the reaction rate 
changes as the concentration of the 2-ME increases in the flask tube, while the number 
of binding sites on the substrate decreases leading to saturation. As the absorbance at 
lower than 400 nm is mostly due to PEI polymer, the peak intensity at 450 nm is taken 
as a response variable to a 2-ME concentration change. Fig. 3 shows a real- time kinetic 
response of PEI/Ag to 2-ME concentration solution of 0.01 M and 0.005 M as a 
function of absorbance intensity. The saturation curves were fitted by the two-phase 
exponential function using MATLAB (The MathWorks, Inc.):  
 
𝐴! = 𝐵𝑒"!! + 𝐶𝑒""! , (1) 
 
where At is an intensity at a given time; B and C are saturation intensity coefficients; k1 
and k2 are binding constants. Fig.3 illustrates two fitting curves for 0.01 M and 0.005 M 
concentrations of 2-ME. The saturation equation coefficients for the PEI/Ag and 0.01 M 
2-ME reaction are found with 95% confidence and computed as: B = 0.639 (a.u.), C = -
0.426 (a.u.), k1 = 4.17 x 10-3
 s-1, k2 = - 5.07 s-1. The coefficients of the saturation 
equation for the reaction of PEI/Ag and 0.005 M 2-ME are computed with 95% 
confidence and calculated as: B= 0.471 (a.u.), C = - 0.219 (a.u.), k1 = 107.76 x 10-3
 s-1, 
k2 = - 18.17 s-1. Therefore, the reaction of PEI/Ag with 2-ME has two binding constants 
and represented as k1 – fast half-life and k2 – slow half-life. The adsorption of 2-ME 
onto binding sites of PEI/Ag starts rapidly and then slows down reaching saturation, 
which implies that there are no binding sites left for the reaction to proceed. The 
response time for 0.01 M 2-ME is 25 times faster as for 0.005 M concentration. The 
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rationale for this is that higher 2-ME concentration occupies PEI/Ag binding sites faster.  
 
Fig. 3 – Fitting two-phase exponential curves for two concentrations of 2-ME: 0.01 M and 0.005 M. The 
curves describe an increase of the absorbance intensity as a function of the exposed time. 
 
3.2 Real-time monitoring of meat freshness 
Meat releases various volatile compounds once it gets spoilt such as S-containing 
compounds and various biogenic amines (cadaverine, putrescine, histamine). The 
release of these compounds has a characteristic odor. Fig. 4 shows the colorimetric 
responses of the sensor over exposed time to raw meat at room temperature (RT). The 
color of the PEI/Ag film did not change during the first hours of the exposure. This may 
indicate that the gases released by fresh meat did not react with the sensor. However, 
over time, meat acquired a strong odor and gradual changes of the PEI/Ag film from 
transparent to yellow-brown were observed. Therefore, the observed color of the 
PEI/Ag sensor that is exposed to 2-ME vapors correlates with the color change of the 
PEI/Ag sensor, which is exposed to the vapors released by meat. PEI/Ag showed an 
evident response after 20 hours, when exposed to vapors that were getting released from 
spoiling salmon, chicken and turkey. Beef, in contrast, only showed a noticeable color 





Fig. 4 - Colorimetric response of PEI/Ag sensor exposed to raw meat for 20, 40, 60 and 80 hours. 
 
Fig. 5 shows UV- vis absorbance responses of the PEI/Ag optical sensor to the vapors 
released by rotten salmon, chicken, turkey and beef and, corresponding photographs of 
the experimental set-up.  
UV-vis spectroscopy correlates to the colorimetric response of PEI/Ag sensor. Thereby, 
the color change observed after 20 hours in represented as an increase of the absorbance 
peak intensity at 400 – 500 nm for all tested meat samples. As discussed earlier, the 
increase of the intensity peak correlated to the increase of the concentration of the 
reduced Ag NPs. Therefore, the increase of the NPs concentration can be related to the 




Fig.5 – UV-vis absorbance response and corresponding photographs of the PEI/Ag sensor for different 




There are a few possible ways to improve the response of the sensor. One way is to tune 
the size of the NPs. Smaller NPs will have an increased surface area and, therefore, an 
increased number of binding for the adsorption of the S- containing and biogenic 
amines. Another way is to minimize the PEI/Ag substrate size. Small PEI/Ag substrate 
size would result in less availability of the binding areas leading to faster saturation, 
which may speed up the sensor response. An advantage of such sensors is the usage of 
the 3-D printable PEI substrate, enabling printing different designs and geometries. This 
type of the sensor can be incorporated into the food packages and colorimetric response 
can be used as an indicator of meat spoilage. Furthermore, the sensor has potential for 




A PEI/Ag sensor was developed for food freshness application. UV-vis absorbance 
response of the PEI/Ag was measured once the sensor was exposed to 2-ME in vapour. 
Two concentrations of 2-ME - 0.1 M and 0.005-M - show an increase of absorbance 
peak intensity at 400 - 500 nm wavelengths, indicative of the reduction of the silver ions 
to silver NPs by capping with the thiol group. The resulting PEI/Ag optical sensor was 
also tested in a real-world environment by exposing it to raw meat such as salmon, 
chicken, turkey and beef. PEI/Ag shows a good colorimetric response after 20 hours of 
exposure for salmon, chicken turkey, and after 60 hours for beef. Therefore, the 
proposed optical sensor has a potential for meat freshness monitoring and could be 
installed into intelligent food packaging.  
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Conclusions and Future Work 
“So I have just one wish for you- the good luck to be somewhere where you are free to maintain the kind 
of [scientific] integrity […] May you have that freedom.” 
- Richard P. Feynman, 
“Surely You’re joking Mr. Feynman! 
 
This thesis has described new methods of direct metallization based on electroless 
copper plating of modified photoresists, ion-exchanged 3D printable polymers loaded 
with Ag+ ions and a modified 3D printable photosensitive resin. 
A review of the current metallization technologies was provided in chapter 2 to justify 
the choice of research route. Another reason was to give an understanding of the large 
variety of different metallization techniques that are already detailed in the literature on 
the topic. The outcomes of the research presented in chapters 3-7 are discussed in 
section 8.1. Afterwards, section 8.2 is devoted to proposing future areas of research in 
relation to direct metallization. Ultimately, section 8.3 contains some final remarks on 
the work that has been presented in this doctorate thesis.  
8.1 Outcomes 
In chapter 3 a method of direct metallization that could be implemented in 
microfabrication technology was presented. The in-situ synthesis of silver nanoparticles 
inside the polymer opened a new approach by creating a metallic layer on glass and 
silicon surfaces. A technique like this, i.e. based on electroless copper plating eliminates 
the need for an expensive vacuum and reduces the cost and time of fabrication. 
Moreover, the electroless copper used in the work has a green approach. It reduces the 
metal waste and usage of toxic materials like cyanide.  
The direct metallization method was successful in the fabrication of copper 
interconnects both on glass and silicon substrates. The obtained micro-patterns have a 
good selectivity with a resolution down to 10 μm. This work has provided evidence that 
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electroless copper can be grown on glass and silicon substrates additively and 
selectively with a satisfactory and reliable copper-substrate adhesion. 
 
The developed metallization method in chapter 3 was successfully applied to flexible 
and stretchable PDMS substrates. This work was detailed in chapter 4.  The 
metallization of PDMS has been a challenge due to the formation of cracks in both the 
photoresist and the metal layer during the microfabrication process. In chapter 4 
evidence was also provided that careful control of the microfabrication parameters, e.g. 
baking temperature, can result in a reduction in the formation of cracks. Due to the 
flexible and stretchable properties of the PDMS substrate, various stretching and 
bending tests were performed. This allowed further evaluation of the electromechanical 
behaviour of the electroless copper during the applied deformations. The applied 
uniaxial longitudinal strain of the electroless copper layer on the PDMS substrate 
resulted in the formation of cracks at 10% strain. The bending cycling test used to 
evaluate the electromechanical properties of the electroless copper showed that 
normalized resistance after 10, 000 bending cycles increased by a factor of 2 and 4.5 
when the copper films were bent to 2.5 and 5.0 amplitudes, respectively. The developed 
metallization method of the PDMS substrates could prove to be a competitive 
alternative in producing interconnects on PDMS, which is compatible with the standard 
microfabrication technology.  
 
The increased interest in metallized plastic made it a goal of the research carried out in 
relation to this doctorate thesis to find direct metallization methods that could be applied 
for polymers. In chapter 5 work that dealt with the problem of the metallization of the 
3D printable TPU was described. Four commercially available TPU filaments 
(FilaFlex®, SemiFlex™, PolyFlex™ and NinjaFlex®) were investigated for susceptibility 
for electroless copper plating. A direct metallization method proposed in chapter 5 
involved the formation of photosensitive AgCl and photo-reduction of Ag ions to Ag 
nanoparticles on the surface of the polyurethane material. These Ag nanoparticles acted 
as catalytic sites for copper ion adsorption during the electroless copper plating. Digital 
image processing was utilized to analyze and calculate the percentage of copper that 
was removed from the polymer substrate as a result of the scotch-tape test. The 
fabricated micro-patterns on the 3D printed PolyFlex™ substrate yielded well-defined 
metal patterns that had good selectivity and adhesion. The proposed direct metallization 
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method also has selectivity towards the printed material. Thus, a pattern printed from 
the PolyFlex™ on the ABS substrate was successfully plated leaving the ABS substrate 
unaffected. This work can be used for a further investigation of the performance of 
metallized polymers and customizing new designs for electronics applications. 
 
Chapter 6 dealt with the metallization of plastics and the development of a direct 
metallization method for the photosensitive resin used in DLP 3D printers. The 
modification of the liquid photosensitive resin with silver salt allowed the introduction 
of silver ions into the polymer matrix. The silver ions were utilized as catalysts for the 
electroless copper deposition. The proposed metallization method has a reduced number 
of steps and a simple experimental set-up. An additional electroplating step was 
implemented to increase the thickness of the overall copper layer on the polymeric 
substrate. Selective printing and selective metallization have been achieved by 
interchanging a silver modified resin with the pristine resin during the 3D printing and 
plating the respective parts with copper. Electroless copper films have a satisfactory 
conductivity and a reliable adhesion to a polymeric substrate. The developed 
metallization method is rapid and cost effective. In other words, it is a competitive 
alternative in the electronics, automobile and aerospace market to produce metallized 
plastics. 
 
The work presented in chapter 7 describes the use of 3D printable PEI substrates for an 
optical gas sensor application. The proposed optical sensor measured gaseous 2-ME and 
enabled remote monitoring of meat and fish spoilage. The discoveries yielded important 
background information for the investigation of treating the surface of PEI substrates, as 
well as how to introduce silver ions through relying on ion exchange mechanisms.  
 
Table 8.1 summarizes the proposed metallization methods that were developed to 
metallize insulating substrates such as glass, silicon, PDMS, 3D printable TPU and 3D 
printable photosensitive liquid polymer.   
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8.2 Future work 
Future work and a continuation of the research in direct metallization methods is 
proposed in the following areas: 
 
• Optimizing the patterning and copper plating processes 
• Extending into various applications 
 
8.2.1 Optimizing the patterning and copper plating processes 
The patterning process used in the work of direct metallization of 3D printable TPU 
filaments can benefit from the use of shorter wavelength such as, for example, UV light. 
Shorter wavelengths provide higher energy and are more easily absorbed by most 
materials. This may therefore result in an increase of metallization selectivity on 
polymers.  
Future research should also aim to use a laser source for the patterning of 3D printable 
TPUs. This would be advantageous, as it would eliminate the need of photomasks 
during LED patterning. Moreover, laser patterning may provide a higher selectivity in 
the metallization. However, more research is needed to analyze the effect of the laser 
patterning on the improvement of selectivity. 
  
Another aspect that should be examined is the optimization of an electroplating bath. 
This thesis used a simple electroplating bath to prove the concept of copper 
electroplating onto the modified insulating surfaces (like electroless copper grown on 
the silver catalysts). Nevertheless, further research is required to produce uniform 
copper conductivity throughout the plated structure. This can be achieved by optimizing 
the electroplating parameters such as the ratio of sulfuric acid and copper (II) sulfate, 
and current density required to obtain a copper layer that has a uniform surface and low 
resistivity. Adjusting the current density therefore will allow for fabrication of a 
uniform copper surface as the deposition rate influences the formation of defects and 
voids in the copper layer. 
The roughness of the electroplated copper is one of the parameters that could influence 
the performance of the fabricated structures. During this research carried out in relation 
to this doctorate thesis, for example, a filter was printed that was designed for GHz 
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applications. Figure 8.1a shows a 3D structure printed from the modified photosensitive 
resin using a DLP printer. The structure was subsequently electroless plated 
(Figure 8.1b) and electroplated (Figure 8.1c).  
		
 
Figure 8.1: 3D printed structure using a DLP printer: a) after printing, b) after electroless plating and c) 
after electroplating. 
 
However, the electrical conductivity of the electroplated copper was not uniform 
throughout the surface and it appeared rough. The metal structures that are designed for 
GHz applications have high requirements for uniform conductivity and copper flatness. 
The optimization of the parameters for electroplating that were mentioned above is, 
therefore, a step towards reaching high-performing 3D printed and metallized 
structures.  
8.2.2 Extending into various electronics applications 
Electronics is now advancing and extending into flexible, stretchable and wearable 
sectors. The future work may, therefore, include investigation of a direct metallization 
of new flexible elastomers that can exhibit large shape transformations due to applied 
electrical stimuli. Deposition of metallic thin films onto the elastomer surfaces using the 
metallization methods in this doctorate thesis open opportunities to fabricate stretchable 
electronic devices. This research route can be realized by 3D printing polymers that are 
able to change their shapes under applied stimuli. The subsequent metallization can then 
be applied to create electrodes on their surfaces.  
 
The direct metallization method of glass surfaces can be extended into the fabrication of 
various optical devices and interconnects. In addition, the metallization of PDMS has 
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the potential to be employed in the production of actuators and other flexible electronic 
devices.  
As the production of printed circuit boards is still time consuming, rapid prototyping 
using 3D printers and the fabrication of metallic interconnects can be a solution for 
producing them in a timely manner. Additionally, the utilization of the flexible 
Photocentric UV DLP liquid resin and selective printing could open a new direction for 
production of flexible printed circuit boards. 
Smart electronic wearable and next generation medical devices are the research and 
development directions where a 3D printed casing that has metallic connections can be 
created to encapsulate electronics. The developed direct metallization methods in this 
doctorate thesis combined with 3D printing technology can therefore be used to create 
advanced packaging solutions and embedded electronics.  
8.3 Concluding remarks 
This chapter has summarized the findings made and provided a summary of the 
achieved results in relation to the research carried out in connection to this doctorate 
thesis.   
Even though direct metallization is still novel and challenging, this doctorate thesis has 
given examples of different approaches to improve and implement it. 3D printed 
electronics is an emerging technology that has already started to shape existing 
production methods. It is undeniable and vital that the field continues to make advances 









Direct metallization of the injection molded polyetherimide 




This appendix discusses the plating trials performed on injection molded polyetherimide 
(PEI) ULTEM 1000 3D parts using a recently published method [1], [2]. The aim of 
this work is to demonstrate the successful plating of electroless copper to a quality 
sufficient to act as circuitry. This is achieved by altering the chemical pre-treatment of 
the PEI as well as the photo-reduction and electroless plating conditions. 
The manufacturing procedure for the direct metallization onto PEI is outlined in 
Figure A1. The process can be split into three stages. First, a pre-treatment of the PEI 
surface including hydrolysis using potassium hydroxide (KOH), followed by ion 
exchange of silver with potassium onto the PEI surface, after immersion in silver nitrate 
solution (AgNO3). Second, the photo-reduction of the silver features by the application 
of the photo-sensitiser potassium chloride (KCl), followed by optical exposure by an 
LED. At this stage features may be patterned selectively if an optical mask is applied to 
the surface, or if direct laser writing is undertaken. Third, selective plating is carried out 
onto the treated surface, by the application of alkali (17.5 % ammonia solution) and acid 
(5 % sulfuric acid) treatments, followed by an electroless copper plating of the entire 
surface, where photo-reduced silver features act as a catalyst for plating. Additionally, 








Figure A1: Processing procedure for direct metallization of PEI. 
	
A.2 Experimental 
Table A1 displays the processing conditions for non-selective plating and selective 
plating. Conductivity of the deposited metal patterns was evaluated using a two-point 
probe.  Thickness measurement was assessed using a Zygo White Light Interferometer. 
	
Table A1: Processing conditions 
Processing 
1. Pre-treatment 2. Photo-reduction 3. Metallization 
Non-selective 
plating 
Clean: Ultrasonic DI water + 
surface wipe with alcohol 
 
Hydrolysis: 15 M KOH for 10 
min at 80 °C, 
 
Ion exchange: AgNO3 for 15 
min at room temperature. 
- 
Electroless plating: 5 
min at 30 °C 
Electroplating: at 20 °C 
Selective plating 
Clean: Ultrasonic DI water + 
surface wipe with alcohol 
 
Hydrolysis: 15 M KOH for 30 
min at 80 °C, 
 
Ion exchange: AgNO3 for 15 
min at room temperature. 
Optical Sensitisation: 
0.01 M KCl for 1 min 
 
Photo-reduction: LED 
exposure for 10 s with 
sample still wet 
Etching: Immersion in 
17.5 % ammonia 
solution for 1 min & 
Immersion in 5 % 
sulfuric acid for 2 min. 
 
Electroless plating: 5 
min at 30 °C 
Electroplating: at 20 °C 
	
To enable selective plating an optical mask was placed on top of the area exposed. The 








Figure A2:  Photo-reduction experimental setup. 
	
A.2.1 Non-selective electroless copper plating 
The surface of PEI printed pieces was non-selectively plated using the treatments 
detailed in the Experimental section. Figure A3 illustrates images of the plated pieces 
showing them before and after electroless and electroplating. A uniform shiny copper 
deposit can be seen indicating successful plating. Electroless copper thickness is 
0.9 ± 0.1 μm. Thickness of the electroplated copper is 3.7 ± 0.5 μm. Non-selective 








Figure A3: PEI pieces before and after non-selective electroless plating and electroplating. 
The thickness of the electroplated copper is further studied versus the applied current 
density, Figure A4. The electroless plated sample was half-way immersed into the 
electroplating solution. The samples effective surface area was approximated to 
10.2 cm2. Electroplating time was 10 min. 
The plated thickness was found by obtaining the height difference between the 
electroless copper and electroplated copper regions. 
Figure A5 shows optical micrographs of the electroplated copper plated at different 
current densities. The surface roughness varies with the applied current: 7.7 μm, 7.1 μm, 
8.5 μm, 10.1 μm for 5 mA/cm2, 10 mA/cm2, 15 mA/cm2and 20 mA/cm2 current density. 







 Figure A4: Electroplated copper thickness vs. current density. The insets show a sample used for the 




Figure A5: Optical micrographs showing the surface of the electroplated copper plated at a current 
density of a) 5 mA/cm2, b) 10 mA/cm2, c) 15 mA/cm2 and d) 20 mA/cm2. 
	
A.2.2 Selective electroless copper plating 
Photo-reduction selectivity was obtained by placing an optical mask on top of the PEI 





after 10 s of LED exposure. After 5 minutes electroplating at current, I = 0.052 A, 
copper thickness reached 1.6 ± 0.3 μm. Close up images of the plated region reveals that 








Selective plating using the direct metallization method outlined in recently published 
literature was demonstrated on PEI pieces. 
Fast silver photo-reduction was obtained due to hydrolysis at high temperature (80 °C), 
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